Identification of plant as a novel and alternative host model for Burkholderia pseudomallei by LEE YIAN HOON
 
IDENTIFICATION OF PLANT AS A NOVEL AND 









LEE YIAN HOON 





A THESIS SUBMITTED  
FOR THE DEGREE OF MASTER OF SCIENCE 
DEPARTMENT OF BIOCHEMISTRY 





I would like to express my deepest gratitude to my supervisor, Associate Professor 
Gan Yunn Hwen, for her constant and continuous supervision, support and 
encouragement throughout this project.  
 
 My heartfelt appreciation to Associate Professor Chua Kim Lee from the 
Department of Biochemistry, for providing reagents, bacteria strains and for the use 
of her laboratory equipment. I am grateful to Associate Professor Loh Chiang 
Shiong from the Department of Biological Sciences for providing the Arabidopsis 
seeds and for his invaluable advice. 
 
I am grateful to Dr Yin Zhong Zhao from Temasek Life Sciences Laboratory for 
providing the rice seeds and his invaluable advice. 
 
My greatest appreciation to Mr Ouyang Xuezhi from the Electron Microscopy Unit 
in Temasek Life Sciences Laboratory for his time, assistance and invaluable advice. 
 
I am grateful to Temasek Polytechnic for the financial support during my studies. 
 
My greatest thanks to Dr Ong Seng Poon from Temasek Polytechnic, for his support 
and patience throughout the years. 
 
 3 
I am thankful to Dr Tan Seng Kee for his advice during the early stages of the 
project. 
 
My deepest appreciation to Ms Lin Meilin, Phoebe, for helping with the plant tissue 
cultures. 
 
A big thank you to all my labmates, Dr Sun Guang Wen, Dr Tan Kai Soo, Chen 
Yahua, Low Kee Chung, Teh Boon Eng and Isabelle Chen for their daily 
assistance, valuable discussions and wonderful friendship. 
 
Lastly, my most sincere gratitude to my family for their understanding during the 














Burkholderia pseudomallei is a Gram negative soil bacterium and the causative agent 
for melioidosis. The type three secretion system (TTSS) is important in the 
pathogenesis of B. pseudomallei in mammalian hosts. B. pseudomallei has three 
TTSS while B. thailandensis, a closely related but avirulent species, has two. Both 
bacteria share high homology in the TTSS2 locus with Ralstonia solanacearum, 
which causes bacterial wilt in various crops and plants. In this study, we 
demonstrated the ability of B. pseudomallei and B. thailandensis to infect tomato but 
not rice plants.  Bacteria were found to multiply intercellularly and localize in the 
xylem vessels of the vascular bundle.  Infection with KHW∆TTSS1 or KHW∆TTSS2 
mutants shows substantial attenuation in disease, indicating their importance in 
bacterial pathogenesis in susceptible plants.  The potential of B. pseudomallei as a 
plant pathogen raises new possibilities of exploiting plant as an alternative host for 
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Chapter 1  Burkholderia pseudomallei and Melioidosis  
 
1.1 Melioidosis the disease 
Burkholderia pseudomallei is the causative agent of melioidosis, an infectious disease 
endemic in South East Asia and the northern part of Australia with significant 
morbidity and mortality (Currie et al., 2000; Leelarasamee, 2000).  However, with 
increasing movement of human and animals around the world, it is fast developing 
into an emerging disease throughout the world (Dance, 2000).  Melioidosis is 
responsible for 20% of all community acquired septicaemias and 40% of sepsis 
related mortality in northeast Thailand (White, 2003). It is classified as a risk group 3 
agent as well as a potential bioterrorism agent under the select agents list by the US 
Centers for Disease Control and Prevention (www.cdc.gov/od/sap). This increases the 
urgency and need to understand the pathogenesis of this bacterium.  
 
It was first discovered as a ‘glander-like’ disease, back in 1912 in Rangoon vagrants 
(Whitmore and Krishnaswami, 1912) and later named ‘Melioidosis’ from the Greek 
words “melis” (distemper of asses) and “eidos” (resemblance) (Stanton and Fletcher, 
1932). Acquisition of the bacterium could be through inhalation of aerosol, ingestion 
of contaminated water and ingress through open skin (Leelarasamee and Bovornkitti, 
1989).  It is believed that entry through skin could be the major route of infection 
where cuts and wounds are common in rice farmers in endemic area (reviewed by 
Cheng and Currie, 2005). It has also been reported that there is a high incidence of 
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melioidosis in the helicopter crews in Vietnam due to inhalation of infectious dust 
particles.  
 
In humans, the disease could present with varied manifestations ranging from 
asymptomatic infection, localized disease such as pneumonia or organ abscesses to 
systemic disease with septicemia (Leelarasamee, 2004). The disease could be acute or 
chronic, and relapse from latency is possible (Dance, 1991). Report has shown the 
latency period between presumed exposure and clinical presentation can be up to 62 
years in humans (Ngauy et al., 2005). There are several risk factors associated with 
melioidosis (Cheng and Currie, 2005). People with pre-disposing conditions such as 
diabetes mellitus, chronic renal disease, alcoholism, malignancy, connective tissue 
diseases and those who are immuno-suppressed either from disease or drug treatment, 
are at a higher risk of infection. Of these pre-disposing conditions, diabetes mellitus is 
the most frequent, with up to 50% of melioidosis patients having diabetes mellitus 
(White, 2003). Environment factors such as rainfall and strong winds can also 
contribute to an increased risk of infection (Currie and Jacups, 2003). Raising water 
table due to increased rainfall can carry bacteria from the deeper layer of soil to the 
surface and thus increasing the risk of contact. Strong winds associated with monsoon 
rainfall can also cause the aerosolization of the bacterium leading to increased chance 
of inhalation and infection.  Recently, it has also been suggested that exposure to 
natural disaster such as tsunami can be a relevant risk factor (Athan et al., 2005). 
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B. pseudomallei can also cause disease in cattle, pigs, goats, horses, dolphins, koalas, 
kangaroos, deers, cats, dogs and gorillas (Sprague and Neubauer, 2004). Cases in 
animals have been reported in several countries including Australia, China, Thailand, 
Iran, Saudi Arabia, South Africa, Brazil and France. One of the most unusual 
outbreaks of melioidosis occured in the Paris zoo in 1975 as it is a non-endemic 
region. Subsequently, the outbreak spread to other zoos in Paris and equestrian clubs 
throughout France, leading to the slaughter of a large numbers of animals and at least 
two human fatalities. This outbreak, referred to as “l’affaire du jardin des plantes,” 
was thought to be due to an infected panda donated by Mao Tse-Tung (reviewed by 
Sprague and Neubauer, 2004). In Britain 1992, there was also an outbreak in primates 
imported from the Philippines and Indonesia (Dance et al., 1992).  
 
1.2 Characteristics of B. pseudomallei 
Burkholderia pseudomallei is a Gram-negative, facultative anaerobic and motile 
bacterium. The bacterium is small, vacuolated and slender. Under Gram stain, it is 
stained on both its rounded ends (bipolar staining) which are often described as 
having a “safety pin” appearance. It is a soil saprophyte and can be readily recovered 
from water and wet soils such as rice paddy fields in endemic regions. In Northeast 
Thailand, B. pseudomallei can be cultured from more than 50% of rice paddies 
(Wuthiekanum et al., 1995a). It is resistant to hostile environmental conditions such 
as physical factors, pH changes, osmolarity and chemicals (reviewed by Inglis and 
Sagripanti, 2006). It is also able to survive in the absence of nutrients in distilled 
water for several years (Wuthiekanum et al., 1995b).  
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The versatility of B. pseudomallei as a pathogen is reflected in its huge 7.24 Mb 
genome organized into two chromosomes (Holden et al., 2004). The larger 
chromosome, 4.07 megabase pairs (Mb), carries many genes associated core 
functions such as cell growth and metabolism while the smaller chromosome of 3.17 
Mb carries more genes associated with adaptation and survival in different niches. 
Approximately 6% of the genome is made up of putative genomic islands that have 
probably been acquired through horizontal gene transfer.  Many putative virulence 
factors have been identified in B. pseudomallei, including quorum sensing, type III 
secretion system, capsular polysaccharide, flagella etc. (Wiersinga et al., 2006). 
Bacterial flagella are important for motility and adherence. A fliC mutant of B. 
pseudomallei was found to be less virulent than the wildtype following intranasal 
infection of BALB/c mice (Chua et al., 2003). B. pseudomallei produces an 
extracellular capsular polysaccharide and this is required for B. pseudomallei 
virulence in experimental animal models (Reckseidler et al., 2001). Another 
important virulence factor that has been partially characterized in B. pseudomallei is 
the Type Three Secretion Systems (TTSS), of which it has three (Attree and Attree, 
2001; Rainbow et al., 2002).  The B. pseudomallei (Bp) TTSS have been identified to 
be on chromosome 2 of the genome (TTSS1: BPSS1390-BPSS1408; TTSS2: 
BPSS1613-BPSS1629; TTSS3: BPSS1543-BPSS1552) (Holden et al. 2004). Each 
BpTTSS typically consists of a cluster of about 20 genes encoding structural 
components, chaperones and effectors which assemble into an apparatus resembling a 
molecular syringe that is inserted into host cell membrane for the delivery of bacterial 
effectors into host cell cytosol. Once inside the host cytosol, the effector proteins are 
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able to subvert the host-cell process. One of the B. pseudomallei TTSS known as Bsa 
(Burkholderia secretion apparatus) or BpTTSS3 resembles the inv/mxi/spa TTSS of 
Salmonella and Shigella, and has been shown to be important for disease in animal 
models (Stevens et al., 2004, Warawa and Woods, 2005). The BpTTSS3 encodes 
proteins that are very similar to the S. typhimurium and S. flexneri type-III secreted 
proteins required for invasion, escape from endocytic vacuoles, intercellular spread 
and pathogenesis (Stevens et al., 2002). The other two BpTTSS (TTSS1 and 2) 
resemble the TTSS of plant pathogen Ralstonia solanacearum (Winstanley et al., 
1999) and do not contribute to virulence in mammalian models of infection (Warawa 
and Woods, 2005).  
 
1.3 Diagnosis and Treatment  
B. pseudomallei is readily isolated from the soil, stagnant water and rice paddy fields 
in endemic areas. It can be cultured on many laboratory media but Ashdown’s 
selective medium is commonly used to culture the bacterium to give a characteristic 
wrinkled morphology (Ashdown, 1979). Ashdown medium is a simple agar 
containing crystal violet, glycerol and gentamicin. Isolation of B. pseudomallei from 
bodily fluids of patients remains the most reliable method in diagnosis (reviewed by 
Cheng and Currie, 2005); however, culture based method takes a long time. Therefore, 
ELISA-based assay and molecular methods such as PCR have been developed in 
recent years to provide a faster and more accurate diagnosis.   
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B. pseudomallei shows intrinsic resistance to a wide range of antibiotics including β-
lactam antibiotics, aminoglycosides and macrolides (Thibault et al., 2004). The 
conventional therapy of melioidosis, a combination of chloramphenicol, doxycycline, 
trimethoprim and sulfamethoxazole, is used to treat acute melioidosis patients. For 
optimal efficacy in conventional treatment, prolonged therapy lasting 12-20 weeks is 
required (Wuthiekanun and Peacock, 2006). This prolonged therapy is divided into 
intensive and eradication phases using ceftazidime or carbapenem during the 
intensive phase for at least 10-14 days and an oral antimicrobial therapy with 
trimethoprim-sulfamethoxazole (with or without doxycycline) for at least 3 months 
during the eradication phase. Currently, there are no vaccines available. However, 
approaches and strategies currently under evaluation include conjugate, DNA, 
attenuated and heterologous vaccines (Warawa and Woods, 2002). 
 
1.4 Animal models for melioidosis 
A range of animal models of B. pseudomallei infection have been reported including 
mice, diabetic rats and hamsters (reviewed by Titball et al., 2008). These models have 
been used to investigate the pathogenesis of melioidosis, to identify virulence 
determinants and to evaluate countermeasures such as vaccines and antibiotics. The 
mouse model is the most established. Using mice models, virulence determinants 
such as capsular polysaccharide and TTSS have been identified (Jones et al., 2002; 
Stevens et al., 2004). In a comparative study, it was found that BALB/c mice are 
relatively more susceptible to B. pseudomallei infection than C57BL/6 mice (Leakey 
et al., 1998). However, the reason for differential pathogenesis was not fully 
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understood. Syrian hamsters are highly susceptible to B. pseudomallei infection, with 
less than 10 cfu of bacteria required to kill 50% of hamster in two days (Reckseidler 
et al., 2001). Larger animal models of disease have not been fully developed. 
Experimental studies using goat have been reported in 1982 and some studies have 
also been described in non-human primates (Narita et al., 1982; Trakulsomboon et al., 
1994). Besides animal models, several other models like Acanthamoeba, 
Caenorhabditis elegans and Galleria mellonella have been reported (Inglis et al., 
2000; O’Quinn et al., 2001; Gan et al., 2002; Schell et al, 2008). Studies have shown 
that B. pseudomallei was able to adhere, incorporate into amoebic vacuoles and 
survive in Acanthamoeba, suggesting the development of this model to investigate 
possible bacterial virulence determinants (Inglis et al., 2000). Another invertebrate 
model, C. elegans was used to reveal mutants which showed virulence attenuation in 
C. elegans as well as in mice (Gan et al., 2002). Recently, an insect model, G. 
mellonella (wax moth) has also been evaluated (Schell et al., 2008).     
 
1.5 Similarity to plant pathogen Ralstonia solanacearum  
B. pseudomallei contains a cluster of putative genes which is homologous to those 
encoding HpaP, HrcQ, HrcS and HrpV in the plant pathogen Ralstonia solanacearum 
(Winstanley et al., 1999). In R. solanacearum, these genes form part of the type three 
secretion systems which are necessary for the pathogenesis in plants. R. 
solanacearum is soil-borne pathogen that causes lethal wilting disease of more than 
200 plant species worldwide (reviewed by Genin and Boucher, 2004). It has a wide 
host range which covers both dicot and monocot ranging from plants such as tomato, 
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potato and bananas to trees and shrubs. The bacterium enters plant roots, invades the 
xylem vessels and spreads rapidly throughout the plant via the vascular system. The 
vascular dysfunction induced by this extensive colonization causes wilting and 
eventually plant death. The importance of the disease lies in the pathogen’s wide 
geographical distribution in warm and tropical climates. Recently, the infection has 
also spread to more temperate countries in Europe and North America as the result of 
the dissemination of strains adapted to cooler environmental conditions. Extensive 
studies have been done to determine the virulence determinants for the pathogenesis 
of the bacterium (reviewed in Schell, 2000) and recently the completion of the 
genome sequence for strain GM1000 provided a platform for an integrative analysis 
of the molecular traits determining the adaptation of the bacterium to various 
environmental niches and pathogenicity towards plants (Salanoubat et al., 2002). The 
5.8 Mb genome is organized into two large circular replicons of a 3.7 Mb 
chromosome and a 2.1 Mb megaplasmid. The chromosome encodes for all the basic 
mechanisms required for the survival of the bacterium while the megaplasmid has the 
genes for overall fitness and adaptation to various environmental conditions. The 
megaplasmid also carries all the hrp (hypersensitive reaction and pathogenicity) 
genes which encode the type III secretion system that is required to cause disease in 
plants. Bacterial TTSS are conserved among plant and animal pathogens and several 
reviews have been published highlighting the common infection strategies used by 
plant and animal pathogenic bacteria (Buttner and Bonas, 2003; Staskawicz et al., 
2001).  It is thus possible that B. pseudomallei employs similar strategies as R. 
solanacearum to infect various species in the plant kingdom. 
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  1.6 Aims and rationale of project 
The presence of BpTTSS resembling that of plant pathogens and being a soil 
saprophyte raises the possibility that B. pseudomallei could also be a plant pathogen. 
This has been speculated in the past (Dharakul and Songsivilai, 1998; Attree and 
Attree, 2001). It has also been pointed out that several other species of Burkholderia 
such as B. cepacia resides in the rhizosphere and can cause cystic fibrosis while B. 
glumae is a plant pathogen causing rot in rice grains and seedlings (Coenye and 
Vandamme, 2003). In this study, tomato as well as rice plants were infected with 
different strains of B. pseudomallei to determine their susceptibility to disease.  
Tomato was selected because it is one of the plants infected by R. solanacearum and 
that the TTSS of R. solanacearum and B. pseudomallei is highly homologous. B. 
pseudomallei can be isolated from rice paddy fields in endemic regions and therefore 
rice is also evaluated as a potential host. The closely related species B. thailandensis 
is included as a comparison and possible surrogate for B. pseudomallei. It is 
considered largely avirulent in mammalian hosts unless given in very high doses 
(Brett et al., 1997; Smith et al., 1997) and displays many similar characteristics as B. 
pseudomallei. Comparative genomic analysis showed that TTSS is highly conserved 
between the two bacteria (Kim et al., 2005). B. pseudomallei contains all three TTSS 
(TTSS1, 2 and 3) while B. thailandensis only has TTSS2 and 3. With these 
similarities in mind, B. thailandensis could be utilized as a model system to facilitate 
the study of the role of TTSS during infection (Haraga et al., 2008) to reduce the risks 
associated with handling of a risk group 3 agent. This study also investigates the role 
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of the three BpTTSS in causing plant disease using KHW∆TTSS mutants and the 




























The Type Three Secretion System (TTSS) is a specialized protein secretion apparatus 
employed by numerous Gram-negative bacterial pathogens of animals and plants to 
deliver effector proteins directly into the host cells (Hueck, 1998). This apparatus is 
encoded by a set of approximately 20 genes, usually clustered on a pathogencity 
island. These clusters of genes are believed to be acquired during evolution via 
horizontal genetic transfer and therefore the type three apparatus are conserved in 
diverse species of pathogens. This apparatus, called an injectisome, consists of a 
cylindrical structure composed of two pairs of rings spanning the inner and outer 
bacterial membranes joined together by a rod, and a 60nm long needle protruding 
outside the bacteria body (Troisfontaines and Cornelis, 2005). While the mechanism 
of protein secretion is highly conserved, the secreted effectors are highly divergent 
which accounts for the wide range of diseases observed in different hosts (Hueck, 
1998). It can deliver from six to over twenty effector proteins into their target cells 
and display a large variety of activities. Targets of these effector proteins in animals 
include small GTP-binding proteins, mitogen-activated protein kinases (MAPKs), 
IκB-α and phosphoinositides (Cornelis, 2006). Many of the secreted proteins 
resemble eukaryotic factors with signal transduction functions and are capable of 
interfering with the signaling pathways. Once inside animal cell, they facilitate 
bacteria to invade non-phagocytic cells, inhibit phagocytosis by phagocytes, down 
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regulate pro-inflammatory responses, induce apoptosis, prevent autophagy or 
modulate intracellular trafficking (Cornelis, 2006).  
 
B. pseudomallei is a facultative intracellular pathogen which is able to invade 
mammalian cells, escape from endocytic vesicles, multiply intracellularly and induce 
the formation of actin tails and membrane protrusions, leading to direct cell-to-cell 
spreading. The BpTTSS3 or Bsa (Burkholderia secretion apparatus) is the gene 
cluster responsible for encoding the proteins required for this ability (Stevens et al., 
2002). B. pseudomallei mutants lacking components of the Bsa secretion and 
translocation apparatus have reduced replication in murine macrophage-like cells, an 
inability to escape from the endocytic vacuoles and cannot form membrane 
protusions and actin tails. Inactivation of BopE, a BpTTSS protein that is encoded 
adjacent to the bsa locus, leads to impaired bacterial entry into HeLa cells, suggesting 
that BopE facilitates invasion (Stevens et al., 2003). BopE is homologous to 
Salmonella enterica SopE/SopE2, a guanine nucleotide exchange factor. BipB, BipC 
and BipD encoded by the bsa locus are also homologous to Salmonella SipB, SipC 
and SipD which are translocator proteins required for injection of effectors and 
invasion of epithelial cells in vitro (Collazo and Gallan, 1997). Consistent with this 
role in the injection of effectors, mutation in the B. pseudomallei bipD gene impairs 
invasion of epithelial cells in vitro (Stevens et al., 2003). B. pseudomallei bipD 
mutants lacking a component of the translocation apparatus were found to be 
attenuated in virulence following intraperitoneal or intranasal challenge of BALB/c 
mice and had impaired bacterial replication in the liver and spleen. Inactivation of 
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bipB reduced multinucleated giant cell formation, cell-to-cell spreading of bacteria 
and induction of apoptosis in J774A.1 macrophages, and mutants were also 
attenuated following intranasal challenge of BALB/c mice (Suparak et al., 2005). 
Recently, it was found that mutation in the bsaQ gene, encoding a structural 
component of the BpTTSS, caused a marked decrease in secretion of BopE effector 
and BipD translocator proteins into culture supernatant. It also exhibited decreased 
efficiencies of plaque formation, invasion into non-phagocytic cells and 
multinucleated giant cell development in J774A.1 macrophage cell line 
(Muangsombut et al., 2008). Mutation in the bsaQ gene also leads to the loss of the 
ability of bacteria to induce caspase-1-dependent cell death in macrophages as 
described by Sun et al., 2005.  It is highly likely that the bsaQ mutation causes a 
structural collapse of the needle and results in a bsa null phenotype.  Mutations in 
bipB, D would also abrogate translocation of effectors into host cells.  This would 
explain the profound defects associated with these mutants.  
 
Thus, the role of BpTTSS3 in the mammalian virulence is relatively well-
characterized. However, not much is known about the BpTTSS1 and BpTTSS2, 
which resembles the TTSS of R. solanacearum, a plant pathogen. BpTTSS1 and 
BpTTSS2 did not demonstrate any functionality in mammalian virulence (Warawa 
and Woods, 2005). In this study, the role of BpTTSS1, 2 and 3 are investigated by 
generating individual single mutants, KHW∆TTSS1, KHW∆TTSS2 and 
KHW∆TTSS3 as well as a double BpTTSS mutant of KHW∆TTSS1/2 in B. 
pseudomallei KHW strain. The role of BtTTSS2 and BtTTSS3 in B. thailandensis is 
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also studied by creating mutant in Bt∆TTSS2 and Bt∆TTSS3. As both the B. 
pseudomallei KHW∆TTSS3 and B. thailandensis Bt∆TTSS3 single mutants were 
previously created by Y. Chen (unpublished) in our lab, the details of creating the 
mutants will not be described in this thesis. With these mutant strains, the role, if any, 
of BpTTSSs and BtTTSSs in plant pathogenesis can be determined using B. 
pseudomallei and B. thailandensis as models. 
 
2.2 Materials and Methods 
 
2.2.1 PCR primers, plasmids and bacteria strains 
Polymerase chain reaction (PCR) primers were designed using Vector NTI software 
(version 7.1, Informax inc., Bethesda, MD, USA) with the appropriate restriction sites. 
The primers used in this study are listed in Table 2.1. The plasmids used and 
generated in this study are listed in Table 2.2. Escherichia coli strains used during 
cloning, B. thailandensis strain and B. pseudomallei strains and mutants are listed in 
Table 2.3. Bacterial cultures were grown in Luria-Bertani (LB) broth or agar at 37oC. 
Antibiotics were added to the media as required at the following final concentrations: 
ampillicin, 100 µg/mL; kanamycin, 25 µg/mL; tetracycline, 10 µg/mL; and zeocin, 25 
µg/mL for E. coli; kanamycin, 250 µg/mL; tetracycline, 40 µg/mL; gentamicin, 25 
µg/mL and zeocin, 1000 µg/mL for B. pseudomallei. All antibiotics were purchased 




Table 2.1. All primers used and their annealing temperature. The restriction enzyme 
sites are indicated by underline in the sequence. 
Primer Sequence (5’-3’) Annealing 
Temperature (oC) 
KHWTTSS1P1 GAATTCCGAACCGCTTTGTGATAACC 60.7 
KHWTTSS1P2 GGATCCGATCTTGAGCAGATGCTTG 60.7 
KHWTTSS1P3 GGATCCGCCACGATATCCTCGAAAAG 60.7 
KHWTTSS1P4 CTGCAGAGCTACGCCGTGAACGTATT 60.7 
KHWTTSS2P1 GAATTCCTCGAACCGTCCATCGTC 60.0 
KHWTTSS2P2 GGATCCGATCGTGTCGAACGAGATCA 60.0 
KHWTTSS2P3 GGATCCGGCATCGACGGTATTCT 66.9 
KHWTTSS2P4 AAGCTTATATCGCCGGGATAGCGTA 66.9 




BTTTSS2P3 GGATCCGTGTCGCATCTGAAGGTGTC 55.0 
BTTTSS2P4 AAGCTTACGAGCTGGTCGTTGATCTC 55.0 
BTTTSS3P1 TTGAATTCGCATTGCGCGTATTTCTTTT 56.0 
BTTTSS3P2 TTGGATCCTGATCGACGACTTCAAGCAG 56.0 
BTTTSS3P3 TTGGATCCGACGTTCGGCAAGCTGTT 56.0 
BTTTSS3P4 TTTTAAGCTTACGCTGTACGACCCCAATC 56.0 
BPSS1397P1  GCGCCTTGACACAACAAAC 55.6 
BPSS1397P2 GCTTCACCGCCTTGTCGT 55.6 
BPSS1407P1 TTACGGATACTGACCGGTGT  55.6 
BPSS1407P2 GTGTCGGCCACGTAGATATG 55.6 
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BPSS1623P1 TCTCTCCGCGAGCGATCT 56.0 
BPSS1623P2 ACGTGACGACGCCCATCT 56.0 
BPSS1600P1 CTTCGTAGCCGCTGATGAC 56.0 
BPSS1600P2 CCGCTTCTTCTTCACCGATA 56.0 
 
Table 2.2. All plasmids used and constructed 
Name Description Source or 
Reference 
pGEMT-easy Vector for PCR 
cloning; AmpR 
Promega 
pK18mobsacB oriT; KmR; sacB gene Schafer, 1994 
pGEM-tet pGEM-T containing a 
tetracycline resistance 
cassette, TetR, AmpR  
Y. Chen, 
unpublished 
pCLOXZ1 pGEM-T containing a 
zeocin resistance 





and downstream of 
TTSS1 flanking a tet 




and downstream of 
TTSS2 flanking a tet 






and downstream of 
TTSS2 flanking a zeo 
cassette, KmR , ZeoR 
pKHWTTSS3/upstream/downstream/zeo pK18mobsacB 
containing upstream 
and downstream of 
TTSS3 flanking a zeo 





and downstream of Bt 
TTSS2 flanking a tet 




and downstream of Bt 
TTSS3 flanking a tet 














Table 2.3. Escherichia coli, B. thailandensis and B. pseudomallei strains used 
Strain Description Source or Reference 
E.coli   
      TG1 Cloning host Zymo Research 
      SM10λ-pir Conjugation strain  Simon, 1983 
B. thailandensis 
     ATCC700388                                                                                                    
B. pseudomallei 
 ATCC 
      K96243                                          Clinical isolate                                          Thailand 
      561                                                 Kangaroo isolate                                       Eu Hian Yap,                  
unpublished 
      612, 490 Avian isolates Eu Hian Yap,                                                                                       
unpublished 
       77/96, 109/96 Soil isolates Eu Hian Yap,                                                                                                                                    
unpublished 
       KHW Wild-type parental strain, clinical 
isolate, KmS 
Liu et al., 2002 
      KHW∆TTSS1 TetR, KmS This study 
      KHW∆TTSS1 BPSS1386-1411 region was replaced 
with tet cassette, TetR, KmS 
This study 
      KHW∆TTSS2 BPSS1592-1629 region was replaced 
with tet cassette, TetR, KmS 
This study 
      KHW∆TTSS3 BPSS1520-1552 region was replaced 
with zeo cassette, ZeoR, KmS 
Y. Chen, unpublished 
      KHW∆TTSS1/2 BPSS1386-1411 region was replaced 
with tet cassette, BPSS1592-1629 
region was replaced with zeo cassette, 
TetR, ZeoR, KmS 
This study 
      Bt∆TTSS3 BTH_II0821-0853 region was 
replaced with tet cassette, TetR, KmS 
Y. Chen, unpublished 
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2.2.2 Generation of KHW∆TTSS1 mutant  
 
2.2.2.1 Cloning and sub-cloning 
The cloning procedure for the generation of the KHW∆TTSS mutants is outlined in 
Figure 2.1. Molecular biology techniques were performed as described (Sambrook 
and Russell, 2001). Restriction enzymes, Taq DNA polymerase and T4 DNA ligase 
were purchased from Promega (Madison, WI, USA). Approximate one kb fragments 
upstream and downstream of KHWTTSS1 locus were amplified using 
KHWTTSS1P1/P2 and KHWTTSS1P3/P4 respectively from KHW genomic DNA by 
Taq DNA polymerase following the manufacturer’s instruction. Polymerase Chain 
Reaction (PCR) reaction mixture contained 1 µL of crude DNA, 1x NH4Cl buffer, 1.4 
mM MgCl2, 4% DMSO, 200 µM of dNTP, 1 µM of each primer and 1 unit of 
polymerase. Cycling parameters were 94 oC for 5 minutes, followed by 35 cycles at 
94 oC for 30 seconds, Tm (annealing temperature) for 30 seconds and 72 oC for 1 
minute and a final extension at 72 oC for 10 minutes. The upstream and downstream 
PCR product was purified using DNA Clean and Concentrator (Zymo Research, 
USA). Each purified product was ligated into pGEMT-easy vector using T4 ligase. 
Ligation products were transformed into E. coli TG1 competent cells. Transformants 
were selected on LB agar supplemented with 100 µg/mL ampicillin and IPTG/X-
GAL. White colonies were restreaked on a new ampillicin plate and PCR was 
performed to determine the correct insert into the plasmid. Plasmids were prepared 
from positive clones using Wizard miniprep kit (Promega, Madison, WI, USA). The 
plasmid pGEMT/upstream was digested with BamHI and EcoRI overnight at 37 oC. 
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The DNA fragments were separated on 1.2% agarose gel and the band of the correct 
size was excised from the gel and purified using Zymoclean Gel DNA Recovery kit 
(Zymo Research). The upstream fragment was then ligated into BamHI and EcoRI 
site of pK18mobsacB. The ends of BamHI and EcoRI digested pK18mobsacB had 
been dephosphorylated with shrimp alkaline phosphatase (Promega) to reduce the rate 
of self ligation. The ligated product was transformed in TG1 competent cells. 
Transformants were plated on LB agar supplemented with 25 µg/mL of kanamycin 
and IPTG/X-Gal. White colonies were restreaked on new kanamycin plates and PCR 
was performed to determine the correct insert into the plasmid. Plasmids were 
prepared from positive clones using Wizard miniprep kit.  
 
The downstream fragment in pGEMT/downstream was excised using BamHI and PstI. 
The fragment was then ligated into BamHI and PstI site of pKHWTTSS1/upstream to 
yield pKHWTTSS1/upstream/downstream. The ends of BamHI and PstI digested 
pKHWTTSS1/upstream had been dephosphorylated with shrimp alkaline phosphatase. 
The ligated product was transformed in TG1 competent cells. Transformants were 
plated on LB agar supplemented with 25 µg/mL of kanamycin. Colonies were 
restreaked on new kanamycin plates and the PCR was performed to determine the 
correct insert into the plasmid. Plasmids were prepared from positive clones using 
Wizard miniprep kit. A digestion with the various restriction enzymes was performed 
to determine the fragments were correctly inserted.  
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pKHWTTSS1/upstream/downstream and pGEM-tet was digested with BamHI 
overnight at 37 oC and the digested product was ligated overnight at 4 oC. The ligated 
product was transformed into TG1 competent cells. Transformants were plated on LB 
agar supplemented with 25 µg/mL of kanamycin and 10 µg/mL of tetracycline. 
Colonies were restreaked simultaneously on 100 µg/mL ampillicin plate and 25 
µg/mL kanamycin + 10 µg/mL tetracycline supplemented LB agar plate. Correct 
clones were the colonies that grew on kanamycin + tetracycline plates but not on 
ampillicin plates. Those colonies that grew on ampillicin plates were self-ligated 
transformants. Plasmids were prepared from positive clones using Wizard miniprep 
kit. A digestion with BamHI was performed to determine if the tetracycline cassette 
was properly inserted. pKHWTTSS1/upstream/downstream/tet was electroporated 
into E. coli SM10λ-pir conjugation strain. Transformants were plated on 25 µg/mL 
kanamycin + 10 µg/mL tetracycline LB agar plate.  
 
2.2.2.2 Conjugation  
The pKHWTTSS1/upstream/downstream/tet plasmid was delivered to B. 
pseudomallei strain KHW by the following method. Fifty microliter each of overnight 
cultures of SM10λ-pir containing pKHWTTSS1/upstream/downstream/tet and KHW 
were mixed together and plated on a cellulose nitrate filter (Sartorius, Goettingen, 
Germany) placed on LB agar plate. The plates were incubated for 4 hours at 37 oC 
and the filter was transferred to LB agar plate supplemented with 50 µg/mL of 
tetracycline and 25 µg/mL of gentamycin. The plates were incubated at 37 oC for 48 
hours. Colonies were restreaked simultaneously on 50 µg/mL tetracycline plate and 
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250 µg/mL kanamycin LB agar plates. Successful conjugation was identified with 
colonies that were kanamycin and tetracycline resistant.        
  
2.2.2.3 Selection 
Positive homologous recombination between pKHWTTSS1/upstream/downstream/tet 
and the KHW genome to replace the KHWTTSS1 locus with the tetracycline cassette 
was selected using LB broth without NaCl supplemented with 10% sucrose. Colonies 
that were kanamycin and tetracycline resistant were inoculated into LB broth without 
NaCl supplemented with 10% sucrose. The culture was grown continuously by sub-
culturing 10 µL of overnight culture into new media for at least 3 times. One loopful 
of culture was streaked on 50 µg/mL tetracycline plate. Single colonies were 
restreaked simultaneously on 50 µg/mL tetracycline plates and 250 µg/mL kanamycin 
LB agar plates. Successful homologous recombination was identified with colonies 
that were kanamycin sensitive but tetracycline resistant.   
 
2.2.2.4 PCR confirmation 
Deletion of KHWTTSS1 locus was confirmed by the loss of a few representative 
KHWTTSS1 genes found in the locus using PCR amplification. Primers for 
BPSS1397 (sctJ) gene and BPSS1407 (sctD) gene were designed and used to confirm 





2.2.3 Generation of KHW∆TTSS2  
The protocol was the same as 2.2.2 except that BamHI and HindIII were used to clone 
downstream fragment instead of BamHI and PstI. Confirmation of KHWTTSS2 locus 
deletion was determined by the loss of a few representative KHWTTSS2 genes such 
as BPSS1600 (pilN) and BPSS1623 (hrpB2) using PCR amplification (Table 2.2). 
 
2.2.4 Generation of KHW∆TTSS1/2   
pKHWTTSS2/upstream/downstream for KHWTTSS2 locus deletion was created as 
above. Zeocin resistance cassette from pCLOXZ1 was inserted into 
pKHWTTSS2/upstream/downstream to create 
pKHWTTSS2/upstream/downstream/zeo. Selection of 
pKHWTTSS2/upstream/downstream/zeo positive clones was performed on 25 µg/mL 
zeocin and 25 µg/mL kanamycin LB agar plates. 
pKHWTTSS2/upstream/downstream/zeo was electroporated into SM10λ-pir and 
conjugation into KHW∆TTSS1 mutant. Colonies were selected on 1000 µg/mL 
zeocin plates and 250 µg/mL kanamycin LB agar plates. Successful conjugation was 
identified with colonies that were zeocin and kanamycin resistant. Homologous 
recombination selection was performed using LB broth without NaCl supplemented 
with 20% sucrose. A higher concentration of sucrose was used as B. pseudomallei 
was slightly resistant to zeocin. Successful homologous recombination was identified 
with colonies that were kanamycin sensitive but zeocin resistant. Confirmation of 
KHWTTSS1 and 2 loci deletion were determined by the loss of a few representative 
genes present in both loci using PCR amplification such as BPSS1407 (sctD) gene 
 38 
(TTSS1), BPSS1600 (pilN) gene (TTSS2) and BPSS1623 (hrpB2) gene 
(TTSS2)(Table 2.2). 
 
2.2.5 Generation of Bt∆TTSS2 by conjugation   
The protocol was the same as 2.2.2 except that BamHI and HindIII were used to clone 
downstream fragment instead of BamHI and PstI.  
 
2.2.6 Generation of Bt∆TTSS2 by direct transformation with DNA fragments 
The method for the creation of Bt∆TTSS2 was done according to Thongdee et al., 
2008. PCR fragments on both ends of the BtTTSS2 locus was amplified using 
BTTTSS2P1 and BTTTSS2P2; BTTTSS2P3 and BTTTSS2P4 respectively. The 
tetracycline antibiotic cassette was excised using BamHI from PGEM-tet. The three 
fragments were joined through an amplification reaction including the fragment from 
each end of the BtTTSS2 locus, the tetracycline cassette, BTTTSS2P1 and 
BTTTSS2P4. The resulting joined fragment was mixed directly with B. thailandensis 
to allow uptake and incorporation into the genome through homologous 










2.3.1 Generation of KHW∆TTSS1, KHW∆TTSS2, KHW∆TTSS1/2 and 
Bt∆TTSS2 mutant 
To study the role of BpTTSS in B. pseudomallei, the entire locus of BpTTSS1 and 
BpTTSS2 respectively was deleted to create a single mutant each. To investigate any 
effect of redundancy, a double mutant in BpTTSS1 and BpTTSS2 was created. 
Genome analysis of B. pseudomallei showed that BpTTSS1 is encoded from 
BPSS1390-BPSS1408 and BpTTSS2 from BPSS1613-BPSS1629 (Holden et al., 
2004). By replacement of the whole locus through homologous recombination with 
an antibiotic cassette rather than replacing a few selected genes in the locus, we could 
create a mutant that will show a more dramatic phenotype attributed to the complete 
loss of the locus. Furthermore, there is not enough homology of any specific gene in 
BpTTSS1 or BpTTSS2 to Ralstonia or other plant pathogen for us to decide on a 
specific gene deletion. Double crossover rather than a single cross over mutation is 
used to create a more stable and reliable mutant in this study. Figure 2.1 is a flow 
chart showing the cloning procedure for the generation of Bp/BtTTSS mutants. 
During homologous recombination, the Bp/BtTTSS locus is replaced by the antibiotic 
cassette in the plasmid. As mentioned earlier, the BpTTSS mutants can be confirmed 
by PCR amplification for the loss of a few representative BpTTSS genes in the locus 
as shown in Figure 2.2. The representative genes from each KHWTTSS1 and 
KHWTTSS2 locus or both loci in two putative mutants (1 and 2) were compared to 
the B. pseudomallei wild type strain KHW.  Both putative mutants showed an 
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absence of the representative genes indicating the loss of the respective KHWTTSS 
locus in each respective mutant.  
 
The generation of Bt∆TTSS2 was not successful after various attempts. I was not able 
to select for any positive clones with the deleted BtTTSS2 locus. All procedures were 
the same as in the generation of the KHW∆TTSS mutants and each step in the 
cloning process had been verified using PCR amplifications. I was able to obtain the 
pBTTTSS2/upstream/downstream/tet plasmid, electroporate into SM10λ-pir and 
successfully conjugate it into B. thailandensis as colonies obtained were kanamycin 
and tetracycline resistant. However, the subsequent sucrose selection was 
unsuccessful. Several attempts to achieve homologous recombination were made such 
as repeated sub-culture from overnight cultures in LB with 10% sucrose to enrich for 
positive clones as well as using a higher concentration of sucrose. The second method 
using direct uptake of DNA into B. thailandensis to generate the Bt∆TTSS2 also did 





















2.3.2 PCR of TTSS mutants 




Figure 2.1 Cloning procedure for Bp/BtTTSS mutants generation.  Upstream and 
downstream fragments of the Bp/BtTTSS locus were first cloned into PGEMT-easy 
vector and subcloned into pK18mobsacB plasmid before the antibiotic cassette was 
inserted. The plasmid was conjugated into E.coli SM10λ-pir before electroporated 
into B. pseudomallei or B. thailandensis. KHW∆TTSS and Bt∆TTSS mutants were 
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Figure 2.2 Confirmation of KHW∆TTSS mutants by PCR amplification of a few 
representative genes in KHWTTSS1 and KHWTTSS2 locus. (A) Representative 
genes from KHWTTSS1 locus such as BPSS1397 (sctJ) gene and BPSS1407 (sctD) 
gene were compared between B. pseudomallei wild type stain KHW and two putative 
KHW∆TTSS1 mutant (1 and 2). (B) Representative genes from KHWTTSS2 locus 
such as BPSS1600 (pilN) gene and BPSS1623 (hrpB2) gene were compared between 
KHW and two putative KHW∆TTSS2 mutant (1 and 2). (C) Representative genes 
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BPSS1600 (pilN) gene and BPSS1623 (hrpB2) gene gene were compared between 
KHW and two putative KHW∆TTSS1/2 mutant (1 and 2). Wild-type bacteria KHW 
showed the presence of the representative genes while the putative mutants did not 






















To effectively study and understand the biology and pathogenesis of B. pseudomallei, 
genetic manipulation of the genome has been employed, especially since after the 
genome has been made available (Holden et al., 2004). As B. pseudomallei is a 
category B select agent in the United States, the use of antibiotic cassette markers is 
restricted to those that do not conflict with application of antibiotics in treatment. 
Only gentamycin, kanamycin and zeocin have been approved for use in genetic 
manipulation in the United States (Schweizer and Peacock, 2008). Unfortunately, B. 
pseudomallei is intrinsically resistant to these antibiotics due to efflux by the 
constitutively expressed AmrAB-OprA pump (Moore et al., 1999). In Singapore, this 
restriction does not apply. Also, in this study, tetracycline was used instead of 
gentamycin as the strain KHW is resistant to gentamycin. B. pseudomallei is also 
naturally resistant to zeocin and therefore the concentration used in this study was 
relatively high at about 1000 µg/mL. A second obstacle is a lack of an effective 
counter-selectable marker required for selection of plasmid-free colonies. A 
commonly used method is by sacB-mediated counter selection, based on the presence 
of sacB on a suicide vector, rendering an integrant phenotypically sucrose sensitive 
(Ried and Collmer, 1987). The sacB gene encodes levansucrase, a 50 kDa enzyme 
which is secreted after sucrose induction and catalyses sucrose (Dedonder, 1966). 
However, B. pseudomallei already contains the sacB gene and seems to have 
mechanisms to counteract sucrose toxicity, rendering it sucrose resistant even with 
the introduction of another sacB gene. Recently, the construction of unmarked 
deletion mutants in B. pseudomallei using sacB counter-selection in sucrose-resistant 
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and sucrose-sensitive isolates using an optimized selection condition has been 
reported (Logue et al., 2009). In this study, a slightly different condition was used for 
the counter-selection. Instead of using LB without NaCl containing 10% sucrose and 
incubating at 24oC, selection was performed at 37oC in this study, with high 
efficiency. During the creation of the double KHW∆TTSS1/2 mutant, 20% sucrose 
was used to further increase the number of positive clones after it was found that a 
10% sucrose concentration failed to yield any positive clones.   
 
In this study, the creation of a B. thailandensis Bt∆TTSS2 mutant was not successful. 
I was not able to select for any positive clones with the deleted BtTTSS2 locus. 
Although each step in the cloning process has been verified, the cloning still did not 
work. However, the successful cloning of the Bt∆TTSS3 previously in the lab by 
Chen, Y (unpublished) proves that cloning in B. thailandenesis using this method is 
possible. One of the possibilities in the failure to create the Bt∆TTSS2 mutant could 
be that BtTTSS2 might encode for a function that is essential for the survival of B. 
thailandensis.   A new method of targeted mutagenesis using direct transformation of 
PCR fragments was also used to try to create the B. thailandensis Bt∆TTSS2 but to 
no avail. This method uses fragments carrying selectable markers flanked by regions 
of homology oriented such that homologous recombination replaces genomic 
sequences with the selectable marker (Thongdee et al., 2008). The transformation 
efficiency for B. thailandensis was relatively high in this report but it is not the case 
in my study although the same strain of B. thailandensis was used. One of the 
possible reasons could be the size of the target gene. In the reported study, not more 
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than a single gene was targeted to be replaced while in this study, a whole locus of 


















Chapter 3  Infection of Plants with Burkholderia 
pseudomallei and Burkholderia thailandensis  
 
3.1 Introduction 
B. pseudomallei is a soil-dwelling bacterium and can be isolated from rice paddy 
fields in endemic areas such as Thailand. Dharakul and Songsivilai first raised the 
question of a relationship between B. pseudomallei and plants (Dharakul and 
Songsivilai, 1998). Its involvement in either symbiotic or pathogenic bacterium-plant 
interactions was again speculated a second Salmonella SPI-1-like BpTTSS gene 
cluster in B. pseudomallei was discovered (Attree and Attree, 2001). It was 
subsequently reported that the plant pathogen-like BpTTSS (BpTTSS1 and BpTTSS2) 
are not critically required for B. pseudomallei virulence in hamsters but might be 
required for plant interaction due to its homology to plant pathogen Ralstonia 
solanacearum (Warawa and Woods, 2005). All the three related bacteria B. 
pseudomallei, B. thailandensis and B. mallei share homology in both TTSS2 and 
TTSS3, yet a plant host has never been identified for any of these bacterial species. A 
review also highlighted the diversity of Burkholderia species occupying diverse 
ecological niches, ranging from contaminated soils to human respiratory tracts 
(Coenye and Vandamme, 2003). Besides B. pseudomallei and B. mallei, which are 
primary pathogens for human and animals, Burkholderia species are traditionally 
regarded as plant pathogens. However, present knowledge indicates a more diverse 
interaction between these bacteria and their hosts. There are plant pathogenic species 
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such as B. plantarii and B. glumae that cause seedling blight of rice and rice grains rot 
respectively whereas there are other species that are non-pathogenic with unknown 
ecological roles including B. glathei and B. graminis. Several Burkholderia species 
such as B. vietnamiensis have developed beneficial interactions with plants, 
colonizing the roots, stems and leaves and being able to fix atmospheric nitrogen. 
There are also species which have both pathogenic and symbiotic relationships with 
plants as well as being opportunistic pathogens in humans. One such species is B. 
cepacia, which causes soft rot in onions (Burkholder, 1950) and can cause serious 
disease in cystic fibrosis patients (Isles et al., 1984). In view of the examples above, it 
is possible that B. pseudomallei could interact with plants. Although it has been many 
years since the question regarding the interaction between B. pseudomallei and plants 
has been raised, it remains unresolved.  
 
In this study, I attempted to determine the relationship between B. pseudomallei and 
plants. Tomato plants were infected with B. pseudomallei as well as B. thailandensis 
to determine their susceptibility to disease. Tomato is a high value crop economically 
worldwide and is susceptible to many species of bacteria, fungi and viruses such as R. 
solanacearum (bacterial wilt), Alternaria alternaria (alternaria stem canker) and 
tomato mosaic virus (tomato mosaic) resulting in severe economical losses. Tomato is 
chosen for this study as bacterial wilt is caused by R. solanacearum and with the 
homology of its TTSS to B. pseudomallei, tomato may also be susceptible to B. 
pseudomallei.  Rice and Arabidopsis plantlets were also infected with B. 
pseudomallei and B. thailandensis to evaluate their potential as plant models for 
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disease.  Rice is chosen for evaluation as B. pseudomallei is most often isolated from 
the soil of rice paddy fields. Furthermore, rice is a model plant among the 
monocotyledonous cereal crop species based on the fact that rice has a relatively 
small genome, is suitable for efficient genetic analysis and transformation, has a high 
degree of homology with other cereal genes and a complete genome is available 
(International Rice Genome Sequencing Project, 2005). Another plant model of 
interest is Arabidopsis thaliana. It has a short generation time, small size, large 
number of offspring and a relatively small genome which has been sequenced 
(Arabidopsis Genome Initiative, 2000). It is widely used as one of the model 
organisms for studying plant sciences, including genetics, development and 
pathogenesis. Virulence determinants of several plant pathogens including 
Pseudomonas syringae and R. solanacearum have been elucidated using Arabidopsis 
as a plant model (Quirino and Bent, 2003). 
 
3.2 Materials and Methods 
 
3.2.1 Plant Materials 
3.2.1.1 Tomato and Arabidopsis 
Tomato seeds of the Solanum lycopersicum variety Season Red F1 Hydrid (Known-
You Seeds Distribution (S.E.A) Pte Ltd) and Arabidopsis thaliana were washed with 
70% ethanol for 1 min and surface sterilized with 15% bleach for 15 mins with 
vigorous shaking. The seeds were rinsed in sterile distilled water for three times, each 
of 1 min followed by 1 hour shaking. The seeds were germinated in MS (Murashige 
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and Skoog, 1962) agar medium in the dark for 3 days. Once germinated, the seedlings 
were placed in the growth room with a photoperiod of 16 hour daylight and 8 hour 
darkness. One month old plantlets were used for infection. Tomato plantlets were 
transferred into 50 mL Falcon tubes with 5 mL of liquid MS medium for infection 
while 1 mL of medium was used for Arabidopsis.  
 
3.2.1.2 Rice 
Rice seeds (Japonica nipponbare) were obtained from Dr Yin Zhong Zhao (Temasek 
Life Sciences Laboratory, Singapore). Seeds were surface sterilized as described 
above. The seeds were germinated in N6 (Chu et al., 1975) agar medium in the dark 
for 3 days. The germinated seedlings were placed on N6 agar supplemented with 2 
mg/mL of 2, 4-dichlorophenyoxyacetic acid (2, 4-D) in the dark to induce callus 
production. Callus were observed after 2 weeks and placed on pre-generation medium 
(N6 medium supplemented with 1 mg/mL benzyladenine (BA), 2 mg/mL 1-
naphthaleneacetic acid (NAA) and 5 mg/mL abscisic acid (ABA)) for one week in the 
dark. The pre-conditioned callus were regenerated on N6 medium supplemented with 
2 mg/mL BA, 1 mg/mL NAA, 1 mg/mL indole-3-acetic acid (IAA) and 1 mg/mL 
kinetin under 16 hour daylight and 8 hour dark photoperiod. Rice plantlets were 
transferred and maintained in MS medium after 2 weeks. The plantlets were 
transferred into 50 mL Falcon tubes with 5 mL of liquid MS medium for infection. 




3.2.2 Bacterial strains 
B. pseudomallei strains and B. thailandensis ATCC700388 were inoculated overnight 
in 5 mL and 2 mL of LB medium, respectively. To obtain log-phase culture for B. 
pseudomallei, 250 µL of overnight culture was inoculated into 5 mL LB medium and 
cultured for 2.5 hours with constant shaking at 100 rpm in a 37oC incubator. To 
obtain log-phase culture for B. thailandensis, 100 µL of overnight culture was 
inoculated into 2 mL LB medium and cultured for 2.5 hours with constant shaking at 
180 rpm in a 37oC incubator. 
 
3.2.3 Infection of tomato, rice and Arabidopsis plantlets 
Tomato, rice and Arabidopsis plantlets were infected with log phase bacterial cultures 
at the density of 1 x 107 colony forming units (cfu) / 5 mL medium by directly 
inoculating the bacteria into the medium. The plantlets were maintained at 24-25oC, 
with shaking at 100 rpm under a photoperiod of 16 hours light, 8 hours dark. The 
plantlets were observed for seven days for symptoms such as yellowing of leaves, 
blackening of the leaf veins, wilting and necrosis daily. Plantlets were scored on a 
disease index score of 1 to 5 (1: no symptoms; 2: 1 to 25% of plantlets with 
symptoms; 3: 26 to 50% with symptoms; 4: 51 to 75% with symptoms; 5: 76 to 100% 
with symptoms or dead) (Tans-Kersten et al., 2001). Twelve to twenty plantlets were 
infected with each strain in each experiment. Experiments were repeated at least three 




3.2.4 Multiplication of B. thailandensis in tomato plantlets 
Tomato leaves were infected by cutting with a pair of scissors dipped in 1 x 109 
cfu/mL of B. thailandensis. Five plantlets were used in each experiment. At day 1 and 
3 after infection, one infected leaf from each plantlet was excised, washed with 10% 
bleach solution for 1 min and rinsed with sterile water. The leaf was blotted dry on 
sterile filter paper and imprinted on TSA agar plates to determine if there were any 
bacteria on the surface of the leaves. The imprinted plates were incubated at 37oC for 
24 hours before checking for any bacteria growth. The leaves were then weighed and 
macerated in 1 mL PBS with a micro-pestle, serially diluted and plated on TSA plates 
in duplicates. Only leaf samples which did not show any bacteria growth on the 
imprinted plates would be counted to avoid counting contaminating bacteria from leaf 
surfaces. 
       
3.2.5 Transmission Electron Microscopy (TEM) 
Tomato leaf and rice leaf blade were infected by cutting with a pair of scissors dipped 
in 1 x 109 cfu/mL of B. pseudomallei strain KHW or B. thailandensis. One day after 
infection, the infected tomato leaf and rice blade were excised for TEM. One 
millimeter from the infected leaf/blade edge were cut and discarded to avoid 
contamination from extracellular bacteria at the infection site. A further two 
millimeter from the infected leaf/blade edge were then cut and sliced into smaller 
sections and fixed with 4 % glutaraldehyde in 0.1 M phosphate buffer under vacuum 
for 4 hours. It was post-fixed with 1 % osmium tetroxide in 0.1 M phosphate buffer 
for 1 hour at 4oC.  Samples were dehydrated sequentially through 30 %, 50 %, 70 %, 
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90 %, 100 % ethanol, and finally in propylene oxide prior to infiltration with Spurr 
resin (Spurr, 1969). Samples were embedded in 100 % spur resin and polymerized at 
70oC overnight. Ultra-thin sections were cut on a Leica Ultracut UCT ultra-
microtome and examined with a transmission electron microscope (JEM1230, JEOL, 
Japan) at 120kV. As a precautionary measure, after the leaves had been fixed 
overnight, the leaves were mashed up and plated on TSA to check for presence of live 




3.3.1 Susceptibility of tomato plantlets to B. pseudomallei and B. thailandensis 
infection 
To mimic infection via a possible natural route, roots of tomato plantlets were 
immersed in culture media inoculated with 1 x 107 cfu of bacteria without wounding 
the roots. Tomato plantlets infected via the roots by both B. pseudomallei and B. 
thailandensis exhibited identical phenotypes over the same duration of infection and 
representative photographs are shown for B. thailandensis (Fig 3.1).  All plantlets 
were monitored over a period of seven days. Uninfected plantlets remained healthy 
and did not show any disease symptoms throughout the period. The infected plantlets 
showed progressive symptoms such as yellowing of leaves, blackening of the leaf 
veins, wilting and necrosis. Most of the plantlets were dead on day 7.  Disease was 
scored on an index from 1-5 based on the symptoms presented (Tans-Kersten et al., 
2001).  As infection progressed over time, the average disease score for both B. 
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pseudomallei and B. thailandensis increased progressively, reaching a maximum 
disease score of 5 on day 7. Both species of bacteria showed an identical trend of 







































Figure 3.1 Symptoms in tomato plantlets after B. thailandensis infection. Tomato 
plantlets were infected with B. thailandensis and monitored over a period of seven 
days. On day 7, the uninfected plantlets (A) remain healthy whereas the infected 
plantlets (B) show yellowing, wilting and necrosis in the veins. (C) Magnified view 

















Figure 3.2 Virulence of B. pseudomallei and B. thailandensis on tomato plantlets. 
Tomato plantlets infected with B. pseudomallei strain KHW or B. thailandensis were 
scored daily based on its disease symptoms on an index from 1 - 5 over a period of 
seven days. The average score was calculated based on at least 100 plantlets 
cumulative from several experiments. Standard deviation ranges from 0.29 – 0.68 for 
B. thailandensis and from 0.44 – 0.68 for B. pseudomallei. The daily disease score for 






























3.3.2 Susceptibility of tomato plantlets to other strains of B. pseudomallei 
To determine whether B. pseudomallei strains isolated from humans, animals or the 
environment vary in their ability to infect plants, we tested two clinical isolates 
(K96243 and KHW), a kangaroo isolate 561, two bird isolates (612 and 490) and two 
soil isolates (77/96 and 109/96) on tomato plants.  All isolates were able to infect and 
cause disease to a similar extent (Fig 3.3), showing that the ability to infect 

















































Figure 3.3 Infection of tomato plantlets with different B. pseudomallei isolates. KHW 
and K9 (K96243) are clinical isolates, 77/96 and 109/96 are soil isolates, 561 is 
isolated from a kangaroo, 612 from a crown pigeon and 490 from a Bird of Paradise. 
The average disease score was calculated based on 12 plantlets per bacterial isolate 
cumulative from two experiments. Standard deviation ranges from for K9: 0.38 – 
0.78; 77/96: 0.36 – 0.65; 109/96: 0.44 – 0.75; 561: 0.27 – 0.52; 612: 0.36 – 0.73; 490: 







3.3.3 Resistance of rice plantlets to B. pseudomallei and B. thailandensis infection 
Both B. thailandensis and B. pseudomallei did not cause any discernible symptoms in 
rice plantlets when infected via the roots nor when inoculated through the leaves, 
showing a disease score of 1 when examined on day 7. We were unable to recover 
any bacteria from neither the leaves nor the roots after infection via the roots.  Even 
inoculation of bacteria directly into the leaf blade did not result in recoverable 
bacteria from the leaf one day after inoculation, indicating that rice plants are non-
hosts to the bacteria. 
 
3.3.4 Resistance of Arabidopsis plantlets to B. pseudomallei and B. thailandensis 
infection 
To evaluate Arabidopsis to be a suitable plant model for B. pseudomallei and B. 
thailandensis, we infected one month old Arabidopsis plantlets to determine its 
susceptibility. Similar to rice plantlets, we were also unable to observe any symptoms 
when Arabidopsis plantlets were infected with B. pseudomallei and B. thailandensis. 
The plantlets remained healthy after 7 days with a disease score of 1. This indicates 
that Arabidopsis is not a host for B. pseudomallei and B. thailandensis and therefore 
cannot be a plant model for further studies. 
 
3.3.5 Multiplication of B. thailandensis in tomato leaves 
For a phytopathogen to successfully colonize the plant, it must be able to replicate 
intercellularly (Agrios, 2005). To determine whether bacteria are able to replicate 
intercellularly, we sampled leaves which had been inoculated with bacteria via cuts at 
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days 1 and 3 post-inoculation.  As B. pseudomallei exhibit the same infection profile 
as B. thailandensis, we only examine B. thailandensis-infected plants to minimize the 
risks involved in processing the leaves as it generated aerosols. To ensure that there 
were no bacteria on the leaf surfaces, the leaves were surface sterilized with bleach 
and washed in sterile water before weighing and maceration.  To determine the 
effectiveness of the surface sterilization and ensure there are no bacteria on the 
surface, the leaf was imprinted on TSA agar plate and observed for growth. Most of 
the imprinted samples did not show any bacteria growth. B. thailandensis was able to 
replicate in the leaves after inoculation (Fig 3.4). The number of bacteria increased by 
























































Figure 3.4 B. thailandensis multiplication in tomato leaves. Each leaf was inoculated 
through a cut with a pair of scissors dipped in 1 x 109 cfu of bacteria.  Inoculated 
leaves were excised from the plantlet one and three days post inoculation, surface 
sterilized with 10 % bleach for 1 min, weighed and macerated in PBS before plating 
on TSA plates. Each graph is representative of one experiment. Error bars indicate 





3.3.6 Localization of bacteria at site of infection 
We next examine the localization of the bacteria upon inoculation into the leaf. When 
examined under TEM, B. pseudomallei and B. thailandensis could be found in the 
xylem of the vascular bundle of the inoculated leaf (Fig 3.5). The rest of the 
surrounding cells were not colonized, suggesting that the bacteria spread to the rest of 
plant likely through the xylem vessels of the vascular bundle. Most phytopathogens 
causing bacterial wilt do so by colonizing the vascular vessel and choking up the 
vascular bundle with so much bacteria that water and nutrition were not able to move 
upwards leading to wilting symptoms. It is possible that B. pseudomallei and B. 
thialandensis cause wilting in a similar manner.  










Figure 3.5 Representative transmission electron micrographs of B. pseudomallei and 
B. thailandensis in tomato leaves. Localization of bacteria in tomato leaf was 
determined one day after infection for A) leaves infected with B. thailandensis 
showing the longitudinal section of xylem vessel and B) leaves infected with B. 







B. cepacia, the important opportunistic pathogen often associated with cystic fibrosis 
and chronic granulomatous disease patients (Coenye and Vandamme, 2003), was 
originally described as a phytopathogen causing soft rot in onions by Burkholder, 
1950. Subsequently, many strains from various B. cepacia complex were shown to be 
able to cause disease in the alfalfa infection model as well as in the rat agar bead 
model (Bernier et al., 2003).  We now show that B. pseudomallei and B. thailandensis 
are also potential plant pathogens. The bacteria could have entered the plant at sites of 
lateral root emergence and moved up the plant through the xylem vessel, where they 
multiply and colonize the rest of the plant. With multiplication of the bacteria in the 
xylem vessels, the bacteria could block the transport of water flow up to the leaves 
and cause wilting symptoms in the plant. As is in the case of R. solanacearum in 
tomato, it invades the intercellular spaces of the root cortex through natural wounding 
sites of lateral roots. From there, it crosses the endoderm barrier and enters into the 
vascular system, proliferating mainly in the xylem vessels and traveling to the upper 
parts of the plant. Wilting symptoms are most likely due to reduced sap flow as a 
consequence of extensive bacterial exopolysaccharide slime production within xylem 
vessels (Denny et al., 1990). Further studies on B. pseudomallei and B. thailandensis 
infection of tomato plants will need to be done to determine if there is any 
exopolysaccharide production in the xylem vessels to cause the wilting symptoms.  
 
There is no differential susceptibility of tomato plants towards the different strains of 
B. pseudomallei. Virulence displayed by tomato plantlets infected by clinical, 
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environmental and animal isolates is about the same, with a maximum disease score 
of 5 at the end of 7 days. In P. aeruginosa, the clinical and environmental isolates 
also show no difference in their pathogenic properties with regards to the ability to 
produce proteases and invade epithelial cells (Alonso et al., 1999). This could be due 
to the conservation of genome content and virulence determinants among the clinical 
and environmental isolates (Wolfgang et al., 2003). However, studies have also 
shown that clinical and environmental isolates of B. cepacia can exhibit differential 
cytotoxicity towards macrophages and mast cells (Melnikov et al., 2000). This 
suggests that pathogenicity is dependent on the virulence factors present in a given 
strain and not where it is isolated from.   
 
In contrast to tomato, we found that both B. pseudomallei and B. thailandensis are 
non-adapted for rice.  This is not surprising as B. pseudomallei and B. thailandensis 
are routinely recovered from rice paddy fields in regions of endemicity such as 
Thailand and have never been reported to cause any disease in rice plants.  This raises 
an intriguing possibility that compounds secreted by rice plants may inhibit the 
growth of B. thailandensis and B. pseudomallei.  The presence of secondary 
metabolites induced by B. pseudomallei infection in plants with differential 
susceptibility to disease could reveal novel anti-infective compounds against 
melioidosis to counter the problem of extensive antibiotic resistance in this bacterium. 
Studies have shown that Pea (Pisum sativum) secretes substances that mimic bacterial 
N-Acyl Homoserine Lactone (AHL) signal activities (Teplitski et al., 2000). 
Exposure to AHL signals was found to induce changes in the secretion of compounds 
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by Medicago truncatula, a legume, which mimic quorum sensing in associated 
bacteria (Mathesius et al., 2003). This suggests that the secretion of AHL-mimic 
compounds could have important effects on bacterial colonization and infection of 
host and might be considered of medical and agricultural interest. Quorum sensing is 
a sophisticated intercellular communication system that allows bacteria to assess their 
local population density and/or physical confinement via the secretion and detection 
of small, diffusible signal molecules (Fuqua et al., 2001). Bacteria incorporate this 
mechanism into complex regulatory cascades that regulates gene expression for 
diverse physiological processes such as conjugal plasmid transfer, bioluminescence, 
antibiotic synthesis and virulence. And usually, the regulated genes involve 
interaction with a eukaryote host. In fact, quorum sensing as a novel target for anti-
infective therapy has been suggested by Finch et al in 1998. The idea of interfering 
with bacterial survival and switching off virulence gene expression (thereby 
attenuating pathogenicity) by jamming signal generation or signal transduction using 
rationally designed small chemical antagonists is very appealing. Such an antagonist 
have the potential to circumvent drug-related toxicities, complicating superinfections 
and antibiotic resistance which are the side effects of current approaches to 
chemotherapeutic control of infectious diseases.        
 
Besides quorum sensing as a target, secondary metabolites produced by plants could 
have bacteriostatic activity. It was reported that exudation of root derived 
antimicrobial metabolites from Arabidopsis thaliana could mediate pathogen 
resistance (Bais et al., 2005). It was able to confer tissue specific resistance to a wide 
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range of pathogens. It was also reported that this resistance can be overcome by 
certain strains of bacteria and that the ability to block antimicrobial exudation is 
dependent on the type III secretory system.     
 
Arabidopsis thaliana has been used extensively as a plant host model for broad host 
range pathogens such as R. solanacearum, P. aeruginosa and P. syringae, for the 
identification of the most conserved, host-independent virulence mechanism. Among 
these, studies between Arabidopsis and P. syringae yield a significant body of 
information regarding P. syringae effectors that mediate bacterial virulence (Quirino 
and Bent, 2003). However, in this study, B. pseudomallei infection in Arabidopsis did 
not cause any discernible symptoms and therefore is excluded as a possible host 
model.  
 
Thus, B. pseudomallei joins a growing list of human pathogens which have been 
found to be able to infect plants (Prithiviraj et al., 2005), the first of which to be 
described was P. aeruginosa (Rahme et al., 1995). P. aeruginosa is a ubiquitous 
Gram-negative bacterium isolated from soil, water and plants and is an opportunistic 
human pathogen that infects patients who are immunodeficient or otherwise 
compromised. Reports indicating that there are common virulence factors between 
bacterial pathogenicity in plants and animals prompted the discovery of a plant and 
animal pathogenesis model for P. aeruginosa. The Arabidopsis plant host model has 
been used to perform large scale screening of a library of P. aeruginosa mutants to 
identify novel virulence factors (Rahme et al., 1997) as some virulence factors 
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encoded by genes such as toxA, plcS and gacA were shown to be important for 
bacterial pathogenesis in both plants and animals (Rahme et al., 1995). There are 
several advantages of a plant model over animal model including ease of rearing, 
short generation time, completely sequenced genome (for Arabidopsis), availability 
of mutants and most importantly, exemption from costs and ethical issues associated 
with using mammalian test subjects (Baarlen et al., 2007). In B. pseudomallei, mice 
animal models were widely used in its investigation of pathogenesis and 
determination of virulence factors. However, animal model studies for this bacterium 
is often limited by the facilities, high costs, type of animal model available and 
number of animals used each time. It would be advantageous if a suitable plant model 
for B. pseudomallei can be found as it could facilitate virulence factor discovery. 
However, extrapolations from a non-mammalian infection model such as plants must 
be used with caution. Different host might require different virulence factors for 
pathogenesis as shown in B. cenocepacia where specific virulence factors were 
identified for different hosts and only a few universal virulence factors were 
identified (Uehlinger et al., 2009). Therefore, virulence factors that were discovered 












Several Gram-negative pathogenic bacteria have evolved a complex protein secretion 
system known as the Type Three Secretion System (TTSS) to deliver bacterial 
effector proteins into host cells which modulate host cellular functions (Galan and 
Collmer, 1999). The TTSS is present in both animal and plant pathogenic bacteria 
and is believed to have evolved from the flagellar apparatus. In phytopathogenic 
bacteria such as Pseudomonas syringae and Ralstonia solanacearum, the TTSS, also 
known as the Hypersensitive response and pathogenicity (Hrp), is essential for 
pathogenicity (Cornelis and Gijsegem, 2000). The Hrp is encoded by a cluster of 
approximately 20 hrp genes that are organized into several operons on either the 
chromosome or plasmid of plant pathogenic bacteria (Arnold et al., 2003). The hrp 
gene clusters are often flanked by several type III effectors and other types of 
virulence related genes and thus form a pathogenicity island. Additionally, type III 
effectors are scattered across the genomes either singly or in clusters. Both the animal 
and plant TTSS mediate the delivery of effector proteins. However, there is one major 
structural difference between them on the extracellular part of the secretory 
machinery (Buttner and Bonas, 2003). The TTSS in animal pathogen is associated 
with a needle complex while the plant pathogen TTSS is connected to a pilus 
structure, up to 200nm in length and can potentially cross the plant cell wall. It is 
believed that this pilus act as a conduit for secreted proteins.  
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A wide array of effector proteins are transferred into the plant cell, including harpins 
and avirulence proteins, disrupting the host signaling response and modulating the 
host metabolism to the pathogen’s advantage (Cornelis and Gijsegem, 2000). Harpins 
are the first proteins shown in plant pathogens to be transported by the TTSS. There 
include HrpN (Erwinia spp.), HrpW (E. amylovora and P. syringae), HrpZ (P. 
syringae) and PopA (R. solanacearum) (Cornelis and Gijsegem, 2000). These 
proteins are heat stable, acidic, glycine-rich and devoid of cysteine and when 
infiltrated into plant leaves, elicit a non-specific hypersensitivity response in some 
plants. The avirulence (avr) proteins are another class of TTSS proteins and are 
responsible for pathogenicity. Interactions between a plant and a pathogen rarely turn 
into disease due to the gene-for-gene theory which determines the outcome of the 
interaction (Flor, 1971). Resistance in a plant is determined by the match between an 
avr gene from the incoming bacteria and a resistance gene from the plant. Therefore, 
the resistance gene in the plant encodes for the R proteins which recognizes signals 
associated with the avr gene product transported across the TTSS to result in 
resistance. With the development of several model pathosystems such as 
Pseudomonas-Arabidopsis; Pseudomonas-tomato; Xanthomonas-pepper and 
Ralstonia-Arabidopsis as well as the completion of several sequenced genomes and 
advances in genetic screening, hundreds of TTSS-associated genes have been 
identified (Mudgett, 2005). This indicates that any particular phytopathogen may 
deploy at least 40-50 TTSS effectors during infection. This has been confirmed in P. 
syringae pathovar (pv.) tomato, with at least 38 effectors being delivered into tomato 
plants (Collmer et al., 2002). There are two main functions of the TTSS effectors in 
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virulence. One is to subterfuge, that is to interfere with the plant defense responses 
and the other is manipulation whereby the effectors target host proteins and modify 
their normal cellular functions (Grant et al., 2006). These TTSS effectors interfere 
with basal defenses such as the mitogen-activated protein kinase kinase (MAPKK) 
signaling pathways, hormone signaling pathways, cell wall defenses etc. Plants have 
active cell wall-based defenses that limit the ability of bacterial and fungal pathogens 
to establish infectious growth. These cell wall alterations are papillae, consisting of 
callose, cross-linked phenolics and hydroxyproline rich glycoprotein deposits and all 
these form a strong reinforcement of the cell wall that limits infection. P. syringae 
DC3000 TTSS effector AvrPto could limit callose deposition and papillae formation 
when overexpressed in transgenic Arabidopsis (Hauck et al., 2003). The TTSS 
effectors that target host proteins and modify the cellular functions are usually 
enzymes such as cysteine proteases, SUMO proteases, protein tyrosine phosphatases, 
ubiquitin E3 ligases etc (Grant et al., 2006). These enzymatic functions have been 
predicted from homology to known proteins. P. syringae homologs to the Yersinia 
protease YopT include HopN1 (HopPtoN), HopAR1 (AvrPhpB) and HopC1 
(HopPtoC) (Shao et al., 2002). The target identified for HopAR1 (AvrPhpB) effector 
is a gene required for activation of the Arabidopsis RPS5 NB-LRR (Nucleotide 
binding leucine-rich repeat) resistance protein. HopAR1 specifically cleaves PBS1, a 
serine-threonine kinase conserved across plant species. If RPS5 is present, cleavage 
of PBS1 activates defense responses that stop the growth of the infecting pathogen. 
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In the previous chapter, I have shown that B. pseudomallei was able infect tomato 
plants. Previous studies have also shown that TTSS is important in mediating the 
virulence of phytopathogenic bacteria in plants. Since over 40 effectors can be 
injected into the plant cell at one time (Mudgett, 2005), it is not surprising that 
mutations affecting individual effector genes typically have little or no virulence 
phenotype (Badel et al., 2006). In this study, I have created KHW∆TTSS mutants 
with the whole locus deleted as the purpose is to determine whether the BpTTSS 
impacts virulence and not a particular gene in the BpTTSS cluster. I also infected 
tomato plants with these KHW∆TTSS1, KHW∆TTSS2 and KHW∆TTSS3 single 
mutants and the KHW∆TTSS1/2 double mutant to determine any attenuation of 
virulence and the role BpTTSS plays in B. pseudomallei plant infection. 
 
4.2 Materials and Methods 
 
4.2.1 Bacterial strains 
Burkholderia pseudomallei strain KHW and all KHW∆TTSS mutants were 
inoculated overnight in 5 mL of LB medium. To obtain log-phase culture, 250 µL of 
overnight culture was inoculated into 5 mL LB medium and cultured for 2.5 hours 
with constant shaking at 100 rpm in a 37oC incubator. 
 
4.2.2 Cell lines 
Human monocytic cell line THP-1 were maintained in RPMI 1640 (Sigma), 
supplemented with 10% Fetal Calf Serum (FCS, Hyclone Laboratories, Logan, UT), 
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200  mM L-glutamine, 100 Unit/mL penicillin and 100 µg/mL streptomycin 
(complete RPMI). Cells were passaged every 3-4 days at a ratio of 1:10. One day 
before infection, new culture medium was added. At least 2 hours before infection, 
culture medium was changed to fresh medium without FCS and antibiotics. 
 
4.2.3 BtTTSS3 and BtTTSS2 gene expression after plant infection 
Tomato plantlets were infected as described in 3.2.3 with 1 x 109 cfu/mL of B. 
thailandensis. After 8 hours, the leaves were excised, blotted dry, weighed and 
macerated in 1 mL of PBS. The suspension was filtered through a 40 µm mesh and 
centrifuged at 10,000 g for 5 mins. The supernatant was discarded and the pellet was 
used for RNA extraction (Purelink Micro-Mini Total RNA Purification System, 
Invitrogen), accordingly to manufacturer’s instruction. The extracted RNA was 
quantified and treated for DNase using Turbo DNA-free kit (Ambion) according to 
manufacturer’s instruction before cDNA synthesis. Up to 2 µg of RNA was used for 
cDNA synthesis (High Capacity cDNA Reverse Transcription Kit, Applied 
Biosystem) using random hexanucleotides. Target genes in BtTTSS3 and BtTTSS2 
were amplified using the primers listed in Table 4.1. Real-time PCR reactions were 
performed in 20 µL volumes containing 10 µL of master mix (SYBR® Green qPCR 
Master Mix, Invitrogen), 2 µL of 100nM forward and reverse primers, 1 µL cDNA 
and 7 µL of water. Primers were designed to yield reaction products of between 80 – 
150 bp in length. PCR amplification was as follows: 2 mins at 50 oC, 8.30 mins at 95 
oC, and 40 cycles of 95 oC (15 s) and 60 oC (1 min). Reactions were run in a Biorad 
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IQ5 Multicolor Real-Time PCR detection System. Triplicates samples were 
quantified for each transcript and mean values were normalized to 16S RNA.   
 
Table 4.1 Primers for real-time PCR of BtTTSS genes (BTH_IIxxxx refers to the 
gene accession number)   
 
Name Description Forward Sequence/ 
Reverse Sequence 
16S 16S rRNA TTTGGACAATGGGCGCAAGC/  
TTCTTCACACACGCGGCATTG 
BtTTSS2   








  BTH_II0754  
 
Type III Secretion Inner 
Membrane Protein SctR 
CTCTACATCGCGTTCGTCAT/ 
CGAACAGCATCAGCTTGAAC  
  BTH_II0762  
 




  BTH_II0763 
 




BtTTSS3   














4.2.4 Cytotoxicity assay 
THP-1 cells were seeded at a concentration of 1 x 106 cells per 100 L in 96-well 
plate. Log phase bacteria were used for infection at multiplicity of infection (MOI) of 
100:1. Tetracycline (40g /mL) or kanamycin (250g /mL) was added one hour 
after infection to suppress the growth of extracellular bacteria. The type of antibiotic 
used depends on the type of antibiotic cassette inserted in the mutant. Supernatant 
was collected 6 hours after infection. Cytotoxicity was measured by lactate 
dehydrogenase (LDH) release. LDH activity in the supernatant was measured with 
the Cytotoxicity Detection Kit (Roche) according to manufacturer’s instruction. 
Percentage cytotoxicity was calculated by the formula: 
 % cytotoxicity = Sample LDH release – spontaneous release x 100 
         Maximum release – spontaneous release   
For all LDH assays, no FCS was added to the medium to reduce the background LDH 
activity. 
 
4.2.5 Infection of tomato plantlets with KHW∆TTSS mutants 
Infection and observation of the tomato plantlets with TTSS mutants was carried out 
as described in 3.2.3.  
 
4.2.6 Growth fitness of KHW∆TTSS mutants in different media 
Overnight cultures were used to inoculate 5 mL of LB or MS medium to a starting 
optical density at 600 nm of 0.1. The cultures were incubated at 37oC for LB medium 
and 25oC for MS medium, shaking at 100 rpm. Optical density at 600 nm for all 
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cultures was measured at 0 hr, 2.5 hr, 6 hr and 24 hr. All experiments were repeated 
twice with duplicates.  
 
4.2.7 Statistical analysis 
Average disease scores with standard deviation were calculated based on at least 100 
tomato plantlets infected with each strain of bacteria or mutant. Data were analyzed 
using repeated measure analysis of variance (Chan, 2004). All statistical analyses 
were performed using SPSS version 17 software (SPSS Inc). A p value of less than 




4.3.1 BtTTSS gene expression after plant infection 
To first ascertain the role of TTSS in plant infection, I first need to determine if any 
of the TTSS genes are expressed upon infection in plant. Due to the need to macerate 
the leaves for extraction of bacterial RNA, the experiment was performed using B. 
thailandensis infection to remove the risk of aerosolization with B. pseudomallei. 
Previously in Chapter 3, we have shown that B. thailandensis is a good surrogate 
model for B. pseudomallei because the infection profile of these two closely related 
bacteria in tomato plants are almost identical.  Real-time PCR was used to quantify 
BtTTSS3 and BtTTSS2 gene expression in B. thailandensis 8 hours after infection in 
tomato plants as B. thailandensis lacks TTSS1. Fig 4.1 shows that BtTTSS genes 
were highly expressed in B. thailandensis after infection into the plants. There was no 
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difference in the number of fold increase among the BtTTSS2 selected genes. 
Although TTSS3 is associated with mammalian virulence, the representative 
BtTTSS3 genes bopE and bsaN were also expressed. The ability of genes in both 
BtTTSS clusters to be expressed after bacteria infection in plants suggests that TTSS 
play a role in plant infection.  It is likely that the three BpTTSS clusters in B. 
pseudomallei are also similarly expressed after infection in tomato plant.  Thus, the 
next step would be to see if the KHW∆TTSS mutants are attenuated in virulence in 
















Figure 4.1 Expression of BtTTSS genes in B. thailandensis after tomato plant 
infection. Real-time PCR was used to quantify the BtTTSS3 and BtTTSS2 gene 
expression 8 hrs after infection. The name and gene accession number for the 
BtTTSS3 and BtTTSS2 genes, respectively, were indicated. Error bars indicate 
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4.3.2 BpTTSS3 is required in mediating virulence in mammalian cells 
I first examined the KHW∆TTSS mutants we have created in B. pseudomallei in the 
established macrophage cytotoxicity model and confirmed the necessity of BpTTSS3 
in mediating cytotoxicity (Sun et al., 2005) whereas mutants losing BpTTSS1 and 
BpTTSS2 were as cytotoxic as wildtype bacteria to THP-1 cells (Fig 4.2).  The 
wildtype bacteria and the KHW∆TTSS1 and KHW∆TTSS2 single mutants as well as 
the KHW∆TTSS1/2 double mutant all show a cytotoxicity of about 50% after 6 hrs of 
infection.  This shows that BpTTSS1 and BpTTSS2 are not involved in mediating 






























Figure 4.2 Cytotoxicity on THP-1 cells infected with wild-type B. pseudomallei and 
KHW∆TTSS mutants for six hours at an MOI of 100:1. Cytotoxicity is determined by 
measuring lactate dehydrogenase activity in the supernatant. The graph is 
representative of two separate experiments. Error bar indicates standard deviation of 






4.3.3 Virulence of BpTTSS mutants on tomato plantlets 
Infection of tomato plantlets via the roots showed that plants infected by the 
KHW∆TTSS1 and KHW∆TTSS2 mutants exhibited significant delay in disease 
compared to plants infected by wildtype bacteria (Fig 4.3).  Statistical analysis of the 
average score showed that all the single and double KHW∆TTSS mutants were 
significantly less virulent from the wild type strain (p < 0.001). KHW∆TTSS1 and 
KHW∆TTSS2 single mutants were also significantly less virulent from 
KHW∆TTSS3 single and KHW∆TTSS1/2 double mutant (p < 0.001). There are no 
statistically significant differences between KHW∆TTSS1 and KHW∆TTSS2 or 
between KHW∆TTSS3 and KHW∆TTSS1/2 mutants. This shows that both BpTTSS1 
and BpTTSS2 contribute significantly to pathogen virulence towards tomato plants.  
The KHW∆TTSS1/2 double mutant demonstrated more virulence than the 
KHW∆TTSS1 or KHW∆TTSS2 single mutants, indicating the possible complex 
interactions between bacterial TTSS and plant host defense.  The KHW∆TTSS3 
mutant also showed an intermediate degree of virulence between wildtype bacteria 
and the KHW∆TTSS1 and KHW∆TTSS2 single mutants, likely because BpTTSS3 





































Figure 4.3 Virulence of B. pseudomallei strain KHW and its KHW∆TTSS mutants on 
tomato plantlets. Tomato plantlets were infected with B. pseudomallei strain KHW or 
each of the KHW∆TTSS mutants and scored daily based on its disease symptoms on 
an index from 1 - 5 over a period of seven days. The average disease score is 
calculated based on at least 100 plantlets cumulative from several experiments. 
Standard deviation ranges from 0.44 – 0.68 for KHW; 0.19 – 0.75 for KHW∆TTSS1; 
0.39 – 0.83 for KHW∆TTSS2; 0.22 – 0.89 for KHW∆TTSS3: 0.12 – 1.1 for 
KHW∆TTSS1/2. The daily disease scores for all plants are attached in Appendix I, II, 




4.3.4 Growth fitness of wild-type and KHW∆TTSS mutants in different media 
To exclude the possibility that any defect we see with the KHW∆TTSS mutants 
would be due to a reduced fitness, we ascertained that all mutants grew as well as 
wildtype bacteria in LB and plant MS medium by measuring the optical density at 
600nm at 2.5 hrs, 6 hrs and 24 hrs (Fig 4.4). The number of bacteria (cfu/µL) in LB 
medium was calculated based on the conversion of one optical density at 600nm to 2 
million KHW bacterial cells that was established in the lab. There was no conversion 
to bacterial number in MS medium as the conversion rate in this medium was not 
established. Although the bacteria were able to grow better in LB medium compared 
to MS medium, nevertheless, there were no differences in fitness between the 
different strains. Growth was not measured after 24hrs as the bacteria would have 

































































Figure 4.4 Growth of B. pseudomallei and its KHW∆TTSS mutants in (A) LB and (B) 
MS media. Each graph is representative of two separate experiments. Error bars 








Plant pathogenic bacteria express a large number of TTSS effectors capable of 
interfering with plant basal defense triggered by bacterial microbe-associated 
molecular patterns (MAMP) as well as Resistance (R) protein-mediated immunity 
typically characterized by the Hypersensitive response (HR) (Abramovitch et al., 
2006).  The outcome of the interaction with susceptible hosts for these successful 
pathogens would be disease.  We found that the virulence of B. pseudomallei in 
tomato is contributed significantly by BpTTSS1 or BpTTSS2, and to a much lesser 
extent by BpTTSS3.  BpTTSS1 and BpTTSS2 are likely non-redundant to each other 
in causing disease because each single mutant demonstrates significant attenuation, 
possibly because both BpTTSS1 and BpTTSS2 are coordinately involved in 
pathogenesis.  The involvement of BpTTSS1 and BpTTSS2 in plant pathogenesis is 
not totally a surprise due to the homology of these two loci to the TTSS of the plant 
pathogen R. solanacearum (Attree and Atree, 2001). Previous studies in B. 
pseudomallei have always concentrated on the role of BpTTSS3 in animal virulence 
but BpTTSS1 and BpTTSS2 have never been shown to play any role in virulence. 
This is the first time that a role has been defined for BpTTSS1 and BpTTSS2 in B. 
pseudomallei, showing that they are functional and not simply vestiges of evolution. 
Although, the role of BpTTSS3 have always been linked to the virulence of 
mammalian pathogenesis, it is surprising that in this study BpTTSS3 show a slight 
reduction in virulence in the tomato plants compared to the wild type when we expect 
it to have no effects at all.  We speculate that the role of BpTTSS3 could be due to its 
contribution of a structural component or chaperone to the other two BpTTSS or an 
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effector which could also interfere with plant cell physiology albeit less efficiently 
than with mammalian cells.  
 
It is not clear why the BpTTSS1 and BpTTSS2 double mutant exhibits more 
virulence than either of the BpTTSS1 or BpTTSS2 single mutants at later stages of 
infection (from day 5).  One possibility could be that not only do BpTTSS1 and 
BpTTSS2 contribute a set of effectors which interfere with plant host defense but also 
other effectors which trigger an effector-triggered immunity (ETI) (Jones and Dangl, 
2006) mediated by host R proteins.  When only one of the two BpTTSS is missing, 
interference with host defense is reduced and ETI is triggered.  When both BpTTSS 
are missing, although interference with host defense is reduced, ETI is not triggered.  
The resulting disease could then be contributed by non-TTSS bacterial phytotoxins, 
for which coronatine in P. syringae is an example (Bender et al., 1999). In plant 
pathogenesis, there are also non-TTSS or non-hrp associated virulence factors 
including phytotoxin, plant hormones and exopolysaccharides in the mediation and 
promotion of disease. Phytotoxins such as coronatine, syringomycin, tabtoxin etc are 
secondary metabolites produced by these phytopathogenic bacteria that can influence 
the course of disease development or symptoms but not necessary for pathogenesis 
(Alfano and Collmer, 1996). These phytotoxins use diverse mechanisms of action to 
cause necrotic or chlorotic symptoms on infected plants such as mimicking plant 
hormones, forming pores in plant membranes or inhibiting host metabolic enzymes 
(Abramovitch et al., 2006). In P. syringae, phytotoxins can contribute to systemic 
movement of bacteria in plant, lesion size and multiplication of pathogen in plants 
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(Bender et al., 1999). Another virulence factor that is non-TTSS associated is 
extracellular polysaccharide (EPS) which is secreted by bacteria as a loose slime or as 
capsular material (reviewed by Denny, 1995). EPS is thought to aid pathogenesis by 
sustaining water-soaking of intercellular spaces, altering the accessibility of anti-
microbial compounds or defense activating signals and blocking the xylem and 
thereby producing wilt symptoms.  On-going studies involving a triple KHW∆TTSS1, 
2, and 3 null mutant would likely help in further clarifying the role of TTSS and non-
TTSS factors in plant disease. Furthermore, intercellular bacteria count in B. 
pseudomallei strain KHW and its KHW∆TTSS mutants are ongoing to determine if 
the differential virulence of the mutants compared to wildtype bacteria could be 
correlated to the number of bacteria present in the plant. 
 
Real-time PCR quantification of BtTTSS3 and BtTTSS2 gene expression after 
infection in plants is supportive of our conclusion that BtTTSS is involved in 
pathogenesis. Comparison of the gene expression of bacteria recovered from an 
infected plant to that of bacteria grown in culture medium clearly showed that 
expression of BtTTSS genes were induced upon contact with plants. It has been 
suggested that plant signals are important in the regulation of the production of 
virulence factors (van Gijsegem, 1997) and the importance of contact in the 
expression of hrp genes in vascular wilt pathogen, R solanacearum, using plant cell 
suspension cultures has been demonstrated (Aldon et al., 2003). In animal pathogens 
such as Yersinia, Salmonella and Shigella, contact with host cells is also recognized 
as an essential activator of TTSS (Blocker et al., 2003).    
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Regulation of the type III secretion system in phytopathogenic bacteria is complex, 
involving the interactions of multiple signal transduction pathways, environmental 
factors such as temperature and medium composition as well as possible co-
regulation between TTSS and other virulence-related genes (Tang et al., 2006). 
Nevertheless, this study represents the first step in elucidating the role of TTSS in B. 
pseudomallei pathogenesis in tomato plants.  Much work remains to be done to 
understand the complex interactions between bacterial effectors capable of interfering 























Burkholderia pseudomallei can cause serious disease in humans as well as animals 
and treatment is difficult due to its intrinsic resistance to antibiotics. The type three 
secretion system (TTSS) is important in the pathogenesis of B. pseudomallei and it 
has three of them (BpTTSS1, BpTTSS2 and BpTTSS3). Previous studies had shown 
that the BpTTSS3 locus is important in the pathogenesis of B. pseudomallei in 
mammalian host (Stevens et al., 2004, Warawa and Woods, 2005). Comparative 
genetic analysis show high homology in the TTSS2 locus with Ralstonia 
solanacearum, a plant pathogen which causes bacteria wilt in various crops and 
plants. However, a plant host has never been identified for B. pseudomallei. In this 
study, we demonstrated the ability of B. pseudomallei and B. thailandensis to infect 
tomato but not rice plants. When the tomato plants were infected via the roots, the 
bacteria could enter the plant through sites of lateral root emergence and spread 
throughout the plant via the xylem vessels. Symptoms of the infection include 
yellowing of the leaves, blackening of the leaf veins, wilting and eventually death. 
The bacteria were able to multiply intercellularly when leaves from a single plant 
were sampled on days 1 and 3. Bacterial count on TSA plates showed an increase by 
ten-fold after three days. Using TEM, we visualized the localization of bacteria and 
found that bacteria were localized in the xylem vessels of the vascular bundle. Using 
real-time PCR, we showed BtTTSS3 and BtTTSS2 genes in B. thailandensis were 
expressed after infection in tomato plants indicating that TTSS play a role in the 
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pathogenicity of B. thailandensis and B. pseudomallei in plants. To further determine 
the role of TTSS in the infection of B. pseudomallei in plants, we created single 
mutants of KHW∆TTSS1, KHW∆TTSS2 and KHW∆TTSS3 by deleting the entire 
locus and replacing it with an antibiotic cassette through homologous recombination. 
We also created a double mutant of KHW∆TTSS1/2. In plant pathogenesis, deletion 
of a single TTSS gene rarely shows any phenotype therefore an entire locus was 
deleted to evaluate what part a TTSS plays in virulence. Our result shows that 
infections with KHW∆TTSS1 or KHW∆TTSS2 mutants in tomato plants result in 
substantial attenuation in disease, indicating their importance in bacterial 
pathogenesis in susceptible plants. KHW∆TTSS3 did show a slight attenuation 
compared to the wild type suggesting that it could contribute a structural or chaperone 
component. However, the double mutant of KHW∆TTSS1/2 did not show a higher 
attenuation as expected than the single mutants. A possible explanation could be due 
to its complex interaction among the BpTTSSs and also between the pathogen and the 
host defense responses.     
 
5.2 Future directions 
In this study, I demonstrate that there is indeed interaction between B. pseudomallei 
and plants. However, there are still a few unresolved issues to be addressed. B. 
thailandensis were able to multiply in tomato plants after infection but this was not 
evaluated in the BpTTSS mutants. Whether the intercellular bacterial number 
correlates with the differential virulence of the mutants in plants remains to be seen.  
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In this study, we show that TTSS is involved in the pathogenesis of tomato from the 
gene expression study as well as the single BpTTSS mutants’ infection study. 
However, results from the double mutant infection raises the possibility of the 
involvement of non-TTSS factors in B. pseudomallei - tomato pathogenesis. To 
resolve this question, the creation of a TTSS null mutant (KHW∆TTSS1/2/3) might 
provide an insight to the involvement of non-TTSS factors.  
 
Questions were also raised on the regulation of the TTSS in the pathogenesis of B. 
pseudomallei and plants. However, due to the complex interactions between effectors 
and plant host defenses and time constraint, this was not fully addressed in this study. 
We could, however, suggest some directions that can be taken in the future. In R. 
solanacearum, most of the effectors genes and promoters of its hrp operons were 
activated and regulated by HrpB, an AraC-like activator (Tang et al., 2006). With the 
high homology between the TTSS of B. pseudomallei and R. solanacearum, one can 
search and clone a homolog of HrpB in B. pseudomallei which could have a similar 
function and further mutation studies will reveal more of the TTSS regulation in plant 
pathogenesis.    
 
Plant models hold screening potential for diverse microbial factors and it could also 
result in identification of low-molecular weight plant metabolites that either interfere 
with virulence factors or are directly toxic to microbes as anti-infectives (Baarlen et 
al., 2007). Plant secondary metabolites are a rich source for anti-microbial infectives 
and examples include taxol, which has been discovered as an anticancer agent and is 
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commercialized (Namdeo, 2007). B. pseudomallei can be isolated from paddy fields 
in Thailand but has never been described as a pathogen for rice and in our studies; we 
found that rice plant is not infected by B. pseudomallei. This suggests the possibility 
of a novel anti-infective compound secreted by rice plant to resist infection. Using 
analytical tools such as LC-MS or MALDI-TOF, we can analyze the compounds 
secreted by rice plants in medium after infection. With the help of bioinformatics, one 
can potentially identify compounds which can mimic bacterial quorum sensing or 
compounds that could have anti-bacteriostatic activity.   
   
Animal models including mice, hamster and rats have always been the choice for 
studying and discovering virulence factors for human pathogens. In B. pseudomallei, 
mouse model is frequently used and is well characterized (Titball et al., 2008). 
However, several disadvantages associated with the use of animal models include the 
time-consuming and tedious nature of experiments, low through-put in screening and 
ethnical issues (Prithiviraj et al., 2005). B. pseudomallei has been shown to infect C. 
elegans (Gan et al., 2002) and Acanthamoeba species (Inglis et al., 2000) and C. 
elegans could be used as an alternative host model for large scale screening and 
identification of B. pseudomallei virulence factors (Gan et al., 2002). Our current 
finding reveals the additional versatility of B. pseudomallei as a pathogen and this 
finding can be used to develop a novel plant model to conduct further research and 
hopefully uncover novel bacterial mechanisms capable of interacting with varied 
hosts.  The advantages of using plant to model pathogenesis include cost 
effectiveness of easily growing and maintaining the host and ease of screening many 
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bacterial strains in a short amount of time. If the plant genome is fully sequenced, it 
has the added advantage of having different mutant host strains available. The 
greatest advantage of using a plant model is that it eliminates the regulation and 
ethical consideration associated with mammalian experiments (Starkey and Rahme, 
2009). However, much more work is needed to define the susceptibility of various 
plant species to B. pseudomallei to find a suitable plant host for virulence factor 
discovery.  
 
Although the significance of B. pseudomallei as a natural plant pathogen in the 
environment is unknown, one could postulate that certain plants may serve as a 
reservoir for the bacteria.  The significance and uniqueness of identifying B. 
pseudomallei as a potential plant pathogen lies in its classification as a potential 
bioterrorism agent under the select agents list by the US Centers for Disease Control 
and Prevention (www.cdc.gov/od/sap).  Given our finding, it may be necessary to 
reevaluate whether B. pseudomallei poses threats beyond the animal kingdom and 
whether plant systems could be used as environmental indicators of the presence of 
the bacteria either as endemic residents or due to the intentional release by terrorists, 
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Appendix I  Accumulative data for the infection of tomato plants with B. 
thailandensis (Daily Disease Score) 
Collation of Disease Score for B. thailandensis 
  Day   Day   Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 2 3 4 4 5 5 44 1 2 2 2 4 5 5 87 1 1 2 3 3 4 5 
2 1 1 1 1 2 2 2 45 1 2 2 2 4 5 5 88 1 2 2 3 3 5 5 
3 1 1 2 3 4 4 5 46 1 2 2 3 5 5 5 89 1 2 2 3 3 4 5 
4 1 1 3 3 4 4 5 47 1 2 2 3 5 5 5 90 1 2 2 3 4 5 5 
5 1 1 2 3 3 4 4 48 1 2 2 2 5 5 5 91 1 2 2 3 3 4 5 
6 1 2 2 2 3 4 5 49 1 2 2 3 5 5 5 92 1 1 2 3 4 5 5 
7 1 2 2 2 3 4 5 50 1 2 2 3 3 4 5 93 1 1 2 3 3 4 5 
8 1 2 2 2 2 4 5 51 1 1 2 3 4 4 5 94 1 2 2 3 3 4 5 
9 1 2 2 2 3 3 4 52 1 1 2 3 4 5 5 95 1 2 2 3 4 5 5 
10 1 2 2 3 4 4 5 53 1 2 2 3 4 5 5 96 1 2 3 3 4 5 5 
11 1 2 2 2 4 4 5 54 1 1 2 2 4 5 5 97 1 2 2 3 4 5 5 
12 1 2 2 2 3 4 5 55 1 2 3 3 4 5 5 98 1 1 2 3 3 4 5 
13 1 2 2 2 3 4 5 56 1 2 2 2 4 5 5 99 1 2 2 3 4 5 5 
14 1 2 2 2 3 4 5 57 1 1 2 2 4 5 5 100 1 2 2 3 3 4 5 
15 1 2 2 3 4 4 5 58 1 2 3 3 4 5 5 101 1 1 2 3 3 4 5 
16 1 1 1 2 4 4 5 59 1 1 2 3 4 5 5 102 1 2 2 3 3 4 5 
17 1 2 2 3 3 4 5 60 1 1 2 3 4 5 5 103 1 2 2 3 3 4 5 
18 1 1 1 3 4 4 5 61 1 1 2 3 4 5 5 104 1 2 2 3 3 4 5 
19 1 1 2 3 4 4 5 62 1 1 2 3 4 5 5 105 1 2 3 3 3 4 5 
20 1 2 2 3 4 5 5 63 1 2 3 4 5 5 5 106 1 2 3 3 3 4 5 
21 1 1 1 2 3 4 5 64 1 2 3 4 5 5 5 107 1 2 3 3 3 4 5 
22 1 2 2 2 3 4 5 65 1 2 2 3 5 5 5 108 1 1 2 3 3 3 5 
23 1 2 2 3 4 5 5 66 1 1 2 3 5 5 5 109 1 2 2 3 3 3 5 
24 1 1 1 2 3 4 5 67 1 2 2 3 5 5 5 110 1 2 2 3 3 4 5 
25 1 2 2 3 4 4 5 68 1 1 2 3 5 5 5 111 1 2 2 3 3 4 5 
26 1 1 1 2 3 4 5 69 1 1 2 3 5 5 5 112 1 2 2 3 3 3 5 
27 1 2 3 3 4 4 5 70 1 1 2 3 3 5 5 113 1 2 2 3 4 5 5 
28 1 1 2 3 4 5 5 71 1 1 1 3 3 5 5 114 1 2 2 3 3 4 5 
29 1 1 2 3 4 5 5 72 1 1 2 3 3 5 5 115 1 1 2 3 3 3 5 
30 1 2 2 2 4 5 5 73 1 2 2 3 3 4 5 116 1 2 3 3 4 5 5 
31 1 2 2 2 4 5 5 74 1 2 2 3 3 4 5 117 1 2 2 3 4 5 5 
32 1 1 2 3 3 4 5 75 1 2 2 3 3 4 5 118 1 1 2 3 4 5 5 
33 1 2 2 2 3 4 5 76 1 1 2 3 3 4 5 119 1 2 2 3 4 5 5 
34 1 2 2 3 3 5 5 77 1 1 2 4 4 5 5 120 1 2 2 3 4 5 5 
35 1 2 2 3 5 5 5 78 1 2 2 3 3 4 5 121 1 2 2 3 4 5 5 
36 1 2 2 2 4 5 5 79 1 2 2 3 3 4 5 122 1 2 2 2 3 5 5 
37 1 2 2 3 4 4 5 80 1 2 2 3 3 4 5 123 1 2 2 3 4 5 5 
38 1 2 2 3 4 5 5 81 1 2 2 4 4 5 5 124 1 1 2 3 4 5 5 
39 1 2 2 2 4 5 5 82 1 2 2 3 3 5 5 125 1 1 2 3 4 5 5 
40 1 2 2 3 5 5 5 83 1 2 2 3 3 4 5 126 1 1 2 3 4 5 5 
41 1 1 2 2 4 4 5 84 1 1 2 3 3 4 5 127 1 2 2 3 4 5 5 
42 1 2 2 2 4 5 5 85 1 2 2 3 3 4 5 128 1 2 3 3 4 5 5 
43 1 2 2 2 4 5 5 86 1 2 2 3 3 4 5 129 1 1 2 3 4 5 5 
                Ave 1 1.7 1.9 2.5 3.6 4.3 4.9 
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Appendix II  Accumulative data for the infection of tomato plants with B. 
pseudomallei (Daily Disease Score) 
 
Collation of Disease Score for KHW 
  Day   Day   Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 2 2 2 2 3 4 51 1 2 2 3 4 5 5 101 1 2 2 3 4 5 5 
2 1 1 1 1 2 3 4 52 1 1 2 3 4 5 5 102 1 1 2 3 3 4 5 
3 1 1 1 1 2 3 4 53 1 2 3 3 4 4 5 103 1 1 2 3 4 5 5 
4 1 1 1 2 2 4 5 54 1 2 1 3 3 4 5 104 1 1 2 3 3 5 5 
5 1 1 2 2 2 3 3 55 1 1 2 3 3 4 5 105 1 1 2 3 3 5 5 
6 1 2 2 2 3 4 4 56 1 1 1 3 3 5 5 106 1 1 2 2 3 5 5 
7 1 1 1 1 1 2 2 57 1 1 1 3 3 4 5 107 1 1 2 3 3 5 5 
8 1 2 2 2 3 4 5 58 1 1 2 3 3 5 5 108 1 1 2 3 3 5 5 
9 1 2 2 2 3 3 4 59 1 1 2 3 3 5 5 109 1 1 2 3 3 5 5 
10 1 2 2 2 3 4 5 60 1 2 3 4 4 5 5 110 1 2 2 3 4 5 5 
11 1 2 2 3 3 3 4 61 1 2 3 4 4 5 5 111 1 1 2 3 3 5 5 
12 1 2 2 3 3 4 5 62 1 2 3 3 4 5 5 112 1 1 2 3 3 5 5 
13 1 2 2 2 2 3 4 63 1 1 2 3 4 5 5 113 1 2 2 3 3 3 4 
14 1 1 1 2 2 3 4 64 1 1 2 3 3 5 5 114 1 2 2 3 4 4 5 
15 1 2 2 2 3 3 4 65 1 1 1 3 3 4 5 115 1 2 2 3 3 4 5 
16 1 2 2 2 2 4 5 66 1 2 2 3 3 5 5 116 1 2 2 2 3 4 4 
17 1 1 1 2 2 3 4 67 1 1 2 3 4 5 5 117 1 1 2 3 4 5 5 
18 1 2 2 2 3 4 5 68 1 2 2 3 4 5 5 118 1 1 2 3 3 4 4 
19 1 1 1 2 4 4 5 69 1 2 3 3 3 5 5 119 1 1 2 3 3 5 5 
20 1 2 2 2 4 5 5 70 1 2 3 4 4 5 5 120 1 1 2 3 3 5 5 
21 1 2 2 3 4 5 5 71 1 2 3 4 4 5 5 121 1 2 2 3 3 5 5 
22 1 2 2 3 4 5 5 72 1 2 3 3 4 5 5 122 1 2 2 3 3 5 5 
23 1 2 2 2 3 4 5 73 1 2 2 3 3 4 5 123 1 2 2 3 3 4 5 
24 1 1 2 2 3 4 5 74 1 1 2 3 4 5 5 124 1 2 2 3 4 5 5 
25 1 1 2 2 3 4 5 75 1 2 2 3 4 5 5 125 1 1 2 3 3 4 5 
26 1 1 2 2 4 4 5 76 1 2 2 3 4 5 5 126 1 2 2 3 4 5 5 
27 1 1 1 2 4 5 5 77 1 2 2 3 4 4 5 127 1 2 2 3 3 4 5 
28 1 1 1 3 3 4 5 78 1 1 2 3 4 5 5 128 1 2 2 3 3 4 5 
29 1 2 2 2 3 5 5 79 1 1 2 4 4 5 5 129 1 1 2 3 3 4 4 
30 1 2 2 3 4 5 5 80 1 2 2 3 4 5 5 130 1 1 2 3 3 5 5 
31 1 2 2 2 3 5 5 81 1 2 2 3 3 4 5 131 1 1 2 3 3 5 5 
32 1 2 2 3 4 5 5 82 1 1 2 3 4 5 5 132 1 1 2 3 3 4 5 
33 1 1 2 3 3 5 5 83 1 2 3 3 3 4 5 133 1 1 2 3 3 5 5 
34 1 2 3 3 4 5 5 84 1 1 2 3 4 5 5 134 1 2 2 3 3 5 5 
35 1 1 2 3 3 5 5 85 1 2 3 4 4 5 5 135 1 1 1 2 3 4 5 
36 1 1 1 3 3 4 4 86 1 2 3 4 4 5 5 136 1 2 2 2 3 5 5 
37 1 1 2 3 3 4 5 87 1 1 2 3 4 5 5 137 1 1 1 2 4 5 5 
38 1 2 2 3 3 5 5 88 1 2 3 4 4 5 5 138 1 1 1 2 3 4 4 
39 1 1 3 3 3 5 5 89 1 1 2 4 4 4 5 139 1 1 2 3 4 5 5 
40 1 1 1 2 3 4 5 90 1 1 2 3 3 4 5 140 1 1 2 3 4 5 5 
41 1 2 3 3 3 5 5 91 1 2 3 4 4 5 5 141 1 1 2 3 4 5 5 
42 1 2 2 3 3 5 5 92 1 2 2 3 3 5 5 142 1 2 2 3 4 5 5 
 111 
43 1 2 3 3 4 5 5 93 1 2 2 2 3 4 5 143 1 2 2 2 3 4 5 
44 1 2 2 3 3 4 5 94 1 1 1 2 3 4 5 144 1 1 2 3 3 5 5 
45 1 2 2 3 4 5 5 95 1 1 2 2 3 4 5 145 1 2 2 3 4 5 5 
46 1 2 2 3 4 5 5 96 1 1 1 2 3 3 5 146 1 1 2 3 4 5 5 
47 1 1 1 2 3 3 3 97 1 1 2 3 3 4 5 147 1 1 2 2 4 5 5 
48 1 1 1 2 3 5 5 98 1 1 2 3 3 4 5 148 1 1 2 3 3 5 5 
49 1 2 2 3 4 5 5 99 1 1 1 2 3 5 5 149 1 1 2 3 3 5 5 
50 1 1 2 3 4 5 5 100 1 1 1 3 3 4 5 150 1 2 2 3 3 4 5 
                151 1 1 2 2 4 5 5 
                152 1 2 2 3 4 4 5 
                Ave 1 1.6 1.8 2.4 3.1 4.2 4.6 




















Appendix III Accumulative data for the infection of tomato plants with B. 
pseudomallei KHW∆TTSS1 mutant (Daily Disease Score) 
 
Collation of Disease Score 
KHW∆TTSS1 
  Day   Day  Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 1 2 2 2 2 3 35 1 1 1 1 1 2 3 69 1 1 1 1 1 2 2 
2 1 1 2 2 2 2 4 36 1 1 1 1 1 2 2 70 1 1 1 1 1 1 1 
3 1 1 2 2 2 2 4 37 1 1 1 2 2 3 3 71 1 1 1 1 1 1 2 
4 1 1 1 1 1 1 2 38 1 1 1 1 1 1 2 72 1 1 1 1 1 2 3 
5 1 1 1 1 1 1 2 39 1 1 1 2 2 2 3 73 1 1 1 1 2 2 3 
6 1 1 1 2 2 3 4 40 1 1 2 2 2 2 3 74 1 1 1 1 1 2 2 
7 1 1 1 1 1 1 1 41 1 1 1 1 1 2 2 75 1 1 1 1 1 1 2 
8 1 1 1 1 1 1 1 42 1 1 1 1 1 2 2 76 1 1 1 1 1 1 2 
9 1 1 2 2 2 2 2 43 1 1 1 2 2 3 3 77 1 1 1 1 1 2 2 
10 1 2 2 2 2 3 3 44 1 1 1 1 1 1 2 78 1 1 1 1 2 2 3 
11 1 1 1 1 2 2 2 45 1 1 1 1 1 2 2 79 1 1 1 1 1 1 2 
12 1 2 2 2 2 3 3 46 1 1 1 1 2 2 2 80 1 1 1 1 1 2 2 
13 1 1 1 2 2 2 3 47 1 1 1 1 1 2 2 81 1 1 1 1 1 2 3 
14 1 1 1 2 2 2 2 48 1 1 1 1 1 2 2 82 1 1 1 1 1 2 3 
15 1 1 2 2 2 3 3 49 1 1 1 1 1 2 2 83 1 1 1 1 1 2 2 
16 1 1 2 2 2 2 3 50 1 1 1 1 1 2 2 84 1 1 1 1 1 2 3 
17 1 1 2 2 2 2 3 51 1 1 1 1 1 2 2 85 1 1 1 1 2 2 3 
18 1 1 2 2 2 3 3 52 1 1 1 1 1 2 2 86 1 1 1 1 1 1 2 
19 1 1 1 2 2 2 2 53 1 1 1 1 1 1 1 87 1 1 1 1 1 1 2 
20 1 2 2 2 2 3 4 54 1 1 1 1 1 1 2 88 1 1 1 1 2 2 3 
21 1 1 2 2 2 2 4 55 1 1 1 1 1 1 1 89 1 1 1 1 1 1 2 
22 1 1 1 1 1 2 2 56 1 1 1 1 1 2 2 90 1 1 1 1 1 1 3 
23 1 1 1 1 1 3 3 57 1 1 1 2 2 2 2 91 1 1 1 1 1 2 3 
24 1 1 1 1 2 2 2 58 1 1 1 1 1 1 1 92 1 1 1 1 1 2 3 
25 1 1 2 2 2 2 2 59 1 1 1 1 1 1 1 93 1 1 1 2 2 2 3 
26 1 1 2 2 2 2 4 60 1 2 2 2 2 2 2 94 1 1 1 1 1 1 2 
27 1 1 2 2 2 2 3 61 1 1 1 1 1 1 1 95 1 1 1 1 1 2 2 
28 1 1 2 2 2 2 3 62 1 1 1 1 1 2 2 96 1 1 1 1 1 2 3 
29 1 1 2 2 2 3 3 63 1 1 1 2 2 2 3 97 1 1 1 1 1 2 3 
30 1 1 1 1 1 2 3 64 1 1 1 1 1 1 1 98 1 1 1 1 1 2 3 
31 1 1 1 1 2 3 3 65 1 1 1 1 1 2 3 99 1 1 1 1 1 1 3 
32 1 1 1 1 1 2 3 66 1 1 1 1 1 1 2 100 1 1 1 1 1 1 2 
33 1 1 2 2 2 3 3 67 1 1 1 1 1 1 1 101 1 1 1 1 1 2 3 
34 1 1 1 2 2 2 3 68 1 1 1 1 1 2 3 Ave 1 1.1 1.5 1.7 1.8 2.2 2.8 





Appendix IV Accumulative data for the infection of tomato plants with B. 
pseudomallei KHW∆TTSS2 mutant (Daily Disease Score) 
 
Collation of Disease Score 
KHW∆TTSS2 
  Day   Day   Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 1 2 2 2 2 3 35 1 1 1 1 1 2 2 69 1 1 2 2 2 3 4 
2 1 1 2 2 3 3 4 36 1 1 2 2 2 2 2 70 1 1 1 2 2 2 3 
3 1 1 2 2 2 2 3 37 1 1 1 1 1 2 2 71 1 1 1 1 1 1 2 
4 1 1 1 1 1 2 3 38 1 1 1 2 2 2 3 72 1 1 1 1 1 1 2 
5 1 1 1 1 3 4 5 39 1 1 1 1 1 1 2 73 1 1 2 2 2 2 2 
6 1 1 1 1 1 2 3 40 1 1 1 1 1 1 2 74 1 1 1 2 2 2 2 
7 1 1 1 1 1 1 2 41 1 1 1 1 1 2 2 75 1 1 2 2 2 2 2 
8 1 1 1 1 1 1 2 42 1 1 1 1 1 2 2 76 1 1 1 1 2 3 4 
9 1 1 2 2 2 2 3 43 1 1 1 1 2 2 3 77 1 1 1 1 1 1 2 
10 1 1 1 1 2 3 3 44 1 1 1 1 1 1 1 78 1 1 1 2 2 2 2 
11 1 1 1 1 1 1 1 45 1 1 1 1 1 2 2 79 1 1 1 2 2 2 3 
12 1 1 1 1 1 1 1 46 1 1 2 2 2 2 2 80 1 1 1 1 2 3 4 
13 1 1 1 1 2 2 3 47 1 1 1 1 1 1 2 81 1 1 1 1 1 2 2 
14 1 1 1 1 1 1 2 48 1 1 1 1 1 2 3 82 1 1 2 2 2 2 2 
15 1 1 1 1 1 1 2 49 1 1 1 1 1 2 2 83 1 1 2 2 2 2 3 
16 1 1 1 1 1 1 2 50 1 1 1 1 2 2 3 84 1 1 2 2 2 3 3 
17 1 1 1 1 1 2 3 51 1 1 1 1 1 1 2 85 1 1 1 1 2 3 4 
18 1 1 1 1 1 1 2 52 1 1 1 2 2 3 3 86 1 1 1 1 1 2 2 
19 1 1 1 1 1 1 1 53 1 1 1 1 1 1 2 87 1 1 1 1 1 2 2 
20 1 1 1 1 2 2 2 54 1 1 1 1 1 2 2 88 1 1 1 2 2 2 3 
21 1 1 1 1 1 2 3 55 1 1 1 2 2 2 2 89 1 1 1 1 1 2 2 
22 1 1 1 1 1 1 1 56 1 1 1 1 1 1 2 90 1 1 2 2 2 2 3 
23 1 1 1 2 2 2 3 57 1 1 1 1 1 2 3 91 1 1 1 1 1 2 2 
24 1 1 1 1 1 1 1 58 1 1 1 2 2 2 3 92 1 1 1 1 2 2 3 
25 1 1 1 1 2 3 3 59 1 1 1 1 2 2 3 93 1 1 1 1 2 3 4 
26 1 1 1 1 2 2 2 60 1 1 2 2 2 2 3 94 1 1 1 1 2 2 2 
27 1 1 1 1 2 2 2 61 1 1 1 1 1 2 3 95 1 1 2 2 2 3 4 
28 1 1 1 1 1 1 1 62 1 1 1 1 2 2 3 96 1 1 1 1 1 1 1 
29 1 1 1 1 1 1 2 63 1 1 2 2 2 2 2 97 1 1 1 1 2 3 4 
30 1 1 1 1 1 1 2 64 1 1 1 1 1 1 2 98 1 1 1 1 1 1 2 
31 1 1 2 2 2 3 3 65 1 1 1 1 1 1 2 99 1 1 1 1 1 1 1 
32 1 1 1 1 2 3 3 66 1 1 2 2 2 3 3 100 1 1 1 1 2 2 3 
33 1 1 1 1 1 2 2 67 1 1 2 2 2 3 4 101 1 1 1 2 2 2 2 
34 1 1 1 2 2 2 2 68 1 1 1 2 2 3 4 Ave 1 1 1.1 1.2 1.5 1.8 2.4 





Appendix V Accumulative data for the infection of tomato plants with B. 
pseudomallei KHW∆TTSS3 mutant (Daily Disease Score) 
 
Collation of Disease Score 
KHW∆TTSS3 
  Day   Day   Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 1 2 2 3 4 4 35 1 2 2 2 3 4 5 69 1 1 1 2 2 2 3 
2 1 1 2 2 3 3 3 36 1 1 2 2 2 3 3 70 1 1 2 2 2 3 3 
3 1 1 2 2 2 3 3 37 1 2 2 2 2 3 4 71 1 1 2 2 2 2 2 
4 1 1 2 2 3 3 4 38 1 1 1 2 2 3 4 72 1 1 1 2 3 4 5 
5 1 1 2 3 3 5 5 39 1 2 2 2 2 2 3 73 1 1 1 1 1 2 2 
6 1 1 2 2 3 4 4 40 1 2 2 3 3 4 5 74 1 1 1 2 3 4 5 
7 1 1 1 1 2 3 3 41 1 1 1 1 1 2 2 75 1 1 1 1 2 3 4 
8 1 1 1 2 2 3 3 42 1 1 2 2 3 4 4 76 1 1 1 1 1 2 3 
9 1 1 1 1 2 3 4 43 1 1 1 1 1 2 3 77 1 1 2 2 3 4 5 
10 1 1 1 1 2 3 3 44 1 1 1 1 1 2 3 78 1 1 2 2 2 3 4 
11 1 1 2 2 2 2 3 45 1 1 1 1 1 2 2 79 1 1 2 2 3 4 5 
12 1 1 1 1 2 2 3 46 1 1 1 1 2 2 3 80 1 1 2 2 2 2 2 
13 1 1 1 1 2 2 3 47 1 1 1 2 2 3 4 81 1 1 2 2 2 2 3 
14 1 1 2 2 2 3 3 48 1 1 2 3 3 5 5 82 1 1 1 1 1 2 2 
15 1 1 1 1 2 3 3 49 1 1 1 1 2 4 4 83 1 1 2 2 2 2 2 
16 1 1 1 1 2 2 2 50 1 1 1 1 1 2 2 84 1 1 1 1 2 3 3 
17 1 1 2 2 2 3 4 51 1 1 1 2 2 3 3 85 1 1 1 1 2 3 3 
18 1 1 1 2 2 2 3 52 1 1 2 2 3 4 4 86 1 1 1 2 3 4 5 
19 1 1 1 2 2 3 3 53 1 1 1 1 3 3 4 87 1 1 1 1 2 3 4 
20 1 1 1 1 2 3 4 54 1 1 1 2 3 4 5 88 1 1 1 1 1 2 3 
21 1 1 1 2 2 3 3 55 1 1 1 1 1 2 2 89 1 1 1 1 1 2 3 
22 1 1 1 1 3 3 4 56 1 1 1 1 2 2 2 90 1 1 1 1 2 3 4 
23 1 1 2 2 2 3 3 57 1 1 1 2 2 3 3 91 1 1 1 1 2 3 4 
24 1 1 1 1 2 2 3 58 1 1 1 2 2 3 3 92 1 1 1 1 2 3 4 
25 1 1 2 2 2 2 3 59 1 1 1 1 2 4 4 93 1 1 1 2 2 3 4 
26 1 1 1 1 2 2 3 60 1 1 1 1 2 4 5 94 1 1 2 2 2 2 3 
27 1 1 1 1 2 2 2 61 1 1 1 1 2 3 3 95 1 1 1 1 2 3 2 
28 1 1 1 2 2 2 2 62 1 1 1 1 1 2 3 96 1 1 1 1 1 2 3 
29 1 1 1 1 2 3 3 63 1 1 1 1 2 2 3 97 1 1 1 1 1 2 2 
30 1 1 1 1 2 3 4 64 1 1 1 1 2 2 3 98 1 1 1 2 3 3 5 
31 1 1 1 2 2 2 3 65 1 1 1 1 2 3 3 99 1 1 2 2 2 2 3 
32 1 1 1 2 2 2 3 66 1 1 1 2 2 3 4 100 1 1 1 1 2 3 4 
33 1 2 2 2 2 3 4 67 1 1 2 2 2 2 2 Ave 1 1.0 1.4 1.6 2.2 2.7 3.2 





Appendix VI Accumulative data for the infection of tomato plants with B. 
pseudomallei KHW∆TTSS1/2 mutant (Daily Disease Score) 
 
Collation of Disease Score 
KHW∆TTSS1/2 
  Day   Day   Day 
Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 Plant 1 2 3 4 5 6 7 
1 1 1 1 2 3 4 4 45 1 1 1 2 2 2 3 89 1 1 1 1 1 2 2 
2 1 1 1 1 2 2 3 46 1 1 1 1 1 2 2 90 1 1 1 1 2 2 2 
3 1 1 1 1 2 3 3 47 1 1 1 1 1 2 3 91 1 1 1 1 1 2 2 
4 1 1 1 1 2 2 2 48 1 1 1 1 1 1 2 92 1 1 1 1 1 2 2 
5 1 1 1 1 2 2 3 49 1 1 1 1 1 2 2 93 1 1 1 1 2 3 3 
6 1 1 1 1 2 3 4 50 1 1 1 1 2 2 3 94 1 1 1 1 2 3 3 
7 1 1 1 1 2 2 3 51 1 1 1 1 3 3 4 95 1 1 1 1 2 3 3 
8 1 1 1 1 2 3 4 52 1 1 1 1 2 2 4 96 1 1 1 2 3 3 4 
9 1 1 2 2 3 3 3 53 1 1 1 1 2 3 4 97 1 1 1 2 2 2 3 
10 1 1 1 1 2 2 2 54 1 1 1 1 3 3 4 98 1 1 1 1 1 2 2 
11 1 1 1 1 2 3 3 55 1 1 2 2 3 3 4 99 1 1 1 2 2 3 4 
12 1 1 1 1 2 3 3 56 1 1 1 1 1 1 3 100 1 1 2 2 2 2 3 
13 1 1 1 1 2 3 4 57 1 1 1 2 2 2 2 101 1 1 1 2 2 2 3 
14 1 1 2 2 2 3 4 58 1 1 1 1 2 2 3 102 1 1 2 2 2 2 4 
15 1 1 1 1 2 3 3 59 1 1 1 1 1 2 3 103 1 1 1 2 2 3 3 
16 1 1 1 1 2 3 3 60 1 1 1 1 2 3 3 104 1 1 1 1 2 2 3 
17 1 1 1 1 2 2 3 61 1 1 1 2 2 4 4 105 1 1 1 1 1 2 2 
18 1 1 1 1 2 3 3 62 1 1 1 1 2 4 4 106 1 1 1 1 1 3 3 
19 1 1 1 1 1 1 2 63 1 1 1 2 3 4 5 107 1 1 1 1 2 3 3 
20 1 1 1 1 1 1 2 64 1 1 1 1 1 3 3 108 1 1 1 1 1 2 2 
21 1 1 1 2 2 2 4 65 1 1 1 1 2 4 5 109 1 1 1 1 1 2 3 
22 1 1 1 1 1 2 5 66 1 1 1 2 2 4 5 110 1 1 1 2 2 3 3 
23 1 1 1 1 2 3 5 67 1 1 1 2 3 4 5 111 1 1 1 1 1 1 2 
24 1 1 1 2 2 4 5 68 1 2 2 2 3 4 5 112 1 1 1 1 2 2 2 
25 1 1 1 2 2 4 5 69 1 1 1 1 2 3 4 113 1 1 1 1 1 2 2 
26 1 1 1 1 3 4 5 70 1 1 1 1 3 3 4 114 1 1 1 1 1 2 2 
27 1 1 1 2 3 4 5 71 1 1 1 1 2 3 5 115 1 1 1 2 2 2 3 
28 1 1 1 1 2 4 5 72 1 1 1 1 2 3 5 116 1 1 1 1 1 2 4 
29 1 1 1 1 1 3 4 73 1 1 1 1 3 4 5 117 1 1 1 1 2 3 4 
30 1 1 1 1 1 3 5 74 1 2 2 2 3 4 5 118 1 1 1 1 2 2 2 
31 1 1 1 1 2 4 5 75 1 1 1 2 2 4 5 119 1 1 1 1 2 2 4 
32 1 1 1 1 1 4 3 76 1 1 1 2 2 4 5 120 1 1 1 2 2 2 3 
33 1 1 1 2 2 4 4 77 1 1 1 1 1 3 5 121 1 1 2 2 2 2 2 
34 1 1 1 2 2 4 4 78 1 1 1 1 2 3 4 122 1 1 1 2 2 3 3 
35 1 1 1 1 2 3 4 79 1 1 1 1 2 3 4 123 1 1 1 1 1 2 2 
36 1 1 1 2 2 4 5 80 1 1 1 1 1 2 2 124 1 1 1 1 1 2 2 
37 1 1 2 2 2 5 5 81 1 1 2 2 2 4 4 125 1 1 1 1 1 2 2 
38 1 1 1 2 3 5 5 82 1 1 1 2 3 4 4 126 1 1 2 2 3 3 3 
39 1 1 1 1 2 4 5 83 1 1 1 1 2 4 4 127 1 1 1 2 2 2 2 
40 1 1 1 2 3 5 5 84 1 1 1 1 1 2 3 128 1 1 1 1 2 2 3 
41 1 1 1 1 2 2 3 85 1 1 1 1 2 2 3 129 1 1 1 2 2 2 2 
 116 
42 1 1 1 2 2 3 4 86 1 1 2 2 2 3 3 130 1 1 1 1 2 2 2 
43 1 1 1 1 2 3 3 87 1 1 1 1 2 2 2 131 1 1 1 1 2 2 2 
44 1 1 1 1 2 2 3 88 1 1 1 2 2 2 3 132 1 1 1 1 2 3 4 
                133 1 1 2 2 2 4 5 
                Ave 1 1.0 1.1 1.3 2.0 3.1 3.8 























Appendix VII  Accumulative data for the infection of tomato plants with various  
strains of B. pseudomallei (Daily Disease Score) 
 
K9 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 1 2 2 3 4 5 
2 1 1 2 2 2 3 4 
3 1 2 2 3 3 4 5 
4 1 1 2 2 3 4 5 
5 1 1 1 2 3 4 5 
6 1 1 1 2 3 3 3 
7 1 1 1 2 2 3 5 
8 1 1 1 2 2 3 5 
9 1 1 2 3 4 4 5 
10 1 1 2 2 3 4 4 
11 1 2 2 2 3 4 5 
12 1 1 2 3 4 5 5 
13 1 1 1 2 3 3 3 
Ave 1 1.15 1.62 2.23 2.92 3.69 4.54 
sd 0 0.38 0.51 0.44 0.64 0.63 0.78 
 
77/96 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 1 2 2 3 4 5 
2 1 2 2 2 3 4 5 
3 1 1 2 2 3 4 4 
4 1 1 2 2 3 3 4 
5 1 1 2 2 3 3 4 
6 1 1 1 2 2 3 4 
7 1 1 2 2 3 3 3 
8 1 2 2 2 3 4 5 
9 1 2 2 2 3 4 5 
10 1 1 2 3 4 4 5 
11 1 1 1 2 3 4 5 
12 1 1 2 2 3 5 5 
13 1 1 1 2 3 3 4 
14 1 1 2 3 4 4 5 
Ave 1 1.21 1.79 2.14 3.07 3.71 4.50 







109/96  Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 1 2 2 3 4 5 
2 1 1 2 2 3 3 4 
3 1 1 2 2 3 3 4 
4 1 2 2 3 3 4 5 
5 1 1 2 2 2 3 4 
6 1 1 1 2 3 3 4 
7 1 1 2 2 3 4 5 
8 1 2 2 3 4 5 5 
9 1 1 2 3 4 4 4 
10 1 1 1 2 3 3 5 
11 1 2 2 3 4 5 5 
12 1 1 2 2 3 3 4 
13 1 1 1 2 3 4 5 
Ave 1 1.23 1.77 2.31 3.15 3.69 4.54 
sd 0 0.44 0.44 0.48 0.55 0.75 0.52 
 
561 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 1 2 2 2 3 4 
2 1 1 2 2 2 3 4 
3 1 1 2 3 3 4 5 
4 1 2 2 2 3 4 5 
5 1 1 1 2 3 4 5 
6 1 1 2 2 2 3 4 
7 1 1 1 2 2 3 4 
8 1 1 1 2 2 3 4 
9 1 1 1 2 3 3 4 
10 1 1 2 2 3 4 5 
11 1 2 2 2 3 3 5 
12 1 1 2 2 3 4 5 
13 1 1 1 2 3 4 5 
14 1 1 2 2 3 3 4 
Ave 1 1.14 1.64 2.07 2.64 3.43 4.50 









612 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 1 1 2 2 3 4 
2 1 1 2 3 3 4 4 
3 1 1 1 2 2 3 4 
4 1 2 2 3 3 4 5 
5 1 1 1 2 2 3 4 
6 1 1 1 2 2 3 4 
7 1 1 2 2 2 3 4 
8 1 1 2 2 3 4 5 
9 1 1 1 2 2 3 3 
10 1 1 2 2 3 3 3 
11 1 1 2 3 4 4 5 
12 1 1 2 2 3 4 5 
13 1 1 2 2 3 4 5 
14 1 2 2 3 4 4 5 
Ave 1 1.14 1.64 2.29 2.71 3.50 4.29 
sd 0 0.36 0.50 0.47 0.73 0.52 0.73 
 
490 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
1 1 2 2 3 3 4 5 
2 1 1 2 2 3 4 5 
3 1 2 2 3 3 4 5 
4 1 1 1 2 2 3 4 
5 1 1 1 2 2 3 4 
6 1 1 2 2 2 3 4 
7 1 1 1 2 2 3 4 
8 1 1 1 2 2 3 4 
9 1 1 1 2 2 3 4 
10 1 1 2 3 4 4 5 
11 1 1 2 2 3 3 5 
12 1 2 2 3 4 5 5 
13 1 1 2 2 3 4 5 
14 1 1 1 2 3 3 5 
Ave 1 1.21 1.57 2.29 2.71 3.50 4.57 
sd 0 0.43 0.51 0.47 0.73 0.65 0.51 
 
